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  Ligand hapticity
  Wavelength 
nBu  normal-butyl 
DCB  Dichlorobenzene 
DFT  Density Functional Theory 
DMF  Dimethylformamide 
DOSY  Diffusion-ordered spectroscopy 
Eq  Equivalent 
ESI-MS Electrospray Ionization Mass Spectrometry 
HRMS  High Resolution Mass Spectrometry 
M-C Metal-carbon 
Me  Methyl 
MeCN Acetonitrile 
min  Minute 
M-M Metal-Metal distance 
MS  Mass Spectrometry 
m/z  Mass to charge ratio 






NMR Nuclear Magnetic Resonance 
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 J  Coupling constant 
 m Multiplet 
 ppm Parts per million 
 s Singlet  
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NTCDI Napthalene Tetracarboxidiimide 
NOESY Nuclear Overhauser Effect Spectroscopy 
RT  Room temperature 
PAH  Polycylic Aromatic Hydrocarbon 
PDT  Photodynamic Therapy Treatment 
SCC  Supramolecular Coordination Complex 
SOC  Supramolecular Organometallic Complex 
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1. Supramolecular Chemistry 
Supramolecular chemistry is the field of research that deals with the 
chemistry and collective behavior of organized ensembles of molecules. 
Supramolecular chemistry has grown during the last decades into a mature 
field of modern science whose interfaces with several disciplines have 
provided invaluable opportunities for crossing boundaries, both inside and 
between the fields of chemistry, physics and biology. 
[1-5]
 
Supramolecular chemistry has progressively developed with the synthesis of 
numerous unique architectures each year. Based on the interactions involved 
in the assembling, it has been proposed that supramolecular chemistry can be 
broadly classified into three main branches, as it is depicted in Scheme 1.
[6]
 
These branches are: (i) those that utilize H-bonding motifs in the 
supramolecular architectures; (ii) those that utilize other noncovalent 
interactions, such as ion-ion, ion-dipole, - stacking, cation-, van der 
Waals, and hydrophobic interactions; and (iii) those that employ strong, and 
directional metal-ligand bonds for the assembly process. Nevertheless, the 
assembly of small molecular units into large, discrete supramolecules 
becomes more sophisticated as the scale and degree of complexity of the 
desired molecules increase. This has been mainly due to the lack of control 
in the directionality of the weak forces employed in the first two 
classifications above. 
 
Scheme 1: Classification of Supramolecular chemistry according the type of non-covalent 
interactions. 




1.1  Self-Assembly 
After the discovery of “crown ethers”; “cryptands”, and “spherands” 







was realized that complementary molecules can aggregate through 
noncovalent interactions. As depicted in Scheme 1, these interactions mainly 
include hydrogen bonding, donor-acceptor attraction, - stacking 
interaction and van der Waals forces.
[9-14]
 This molecular complementarity 
can thus be used for the self-assembly of different blocks by utilizing these 
interactions to form large supramolecules, which may end up by having 
significant different physicochemical properties compared to those of the 
precursor individual building blocks. Self-assembly is a phenomenon where 
the components of a system assemble themselves without external direction 
to form a larger functional unit. The self-assembly process is produced in a 
way that the thermodynamically most stable architecture is produced via 
numerous associative and dissociative reversible steps (Scheme 2). 
 
Scheme 2: Schematic representation of a typical self-assembly process 
 
The process is typically kinetically reversible. Nevertheless, the reaction 





various reaction parameters. It is due to this fact that self-assembly has an 
exclusive advantage over traditional, stepwise synthetic approaches when 
accessing large molecules. The simplicity of self-assembly has resulted in a 
plethora of self-assembled capsules and cages with nanometer-sized 
cavities.
[15-18]
 Self-assembly is also present in nature. In fact, it is the 
fundamental technique employed by nature to construct the elegant and 
intricate molecular machinery from which life is built.
[19]
 The directional 
bonding approach
[19]
 allows the outcome of the self-assembly process to be 
guided by the information provided by the building units (coordination 
angles, number of coordination sites, shape and length of the connecting 
ligands), so that the outcome of the self-assembly process can be predicted 
with a reasonably high level of accuracy. 
 
2. Metallosupramolecular chemistry 
Metallo-supramolecular chemistry can be defined as the chemistry 
involving the combination of bridging organic ligands with metal units that 
form discrete or polymeric assemblies of different shapes and sizes.
[6, 19-25]
 
The grounds of this discipline is the availability of rigid ligands with two or 
more binding sites, which in combination with suitable metal fragments, 
form highly symmetrical structures with a variety of shapes and sizes.
[19, 21-22, 
24]
 It is precisely the rich coordination chemistry of transition metals and the 
availability of a large number of organic linkers that has led to the synthesis 
of an increasing number of elegant and intricate functional structures with 
nanosized dimensions. The structural outcome of the synthesis of these 
supramolecular assemblies is largely dependent on the nature of the metal 
ions and ligands. From a design point of view, the ligand is arguably the 




most important feature, due to its topological components and binding 
abilities, which determine the size, geometry, stability and functionality of 
the resulting architecture. This, combined with the predictable and well-
defined coordination geometries of transition metals, conferes to these 
metallo-supramolecules some advantages over traditional organic 
receptors,
[26-28]
 which often require highly sophisticated multistep synthetic 
procedures for achieving similar goals. 
 
2.1. Coordination-driven self-assembly 
  Coordination-driven self-assembly
[29]
 is the most widely used 
approach for the design of metal-based supramolecules. Coordination-driven 
self-assembly allows a greater control over the design of two- (2D) and 
three-dimensional (3D) architectures by capitalizing on the predictable 
nature of the metal-ligand coordination sphere and ligand lability to encode 
directionality. The greater directionality offered by metal-coordinative 
bonding compared to weak electrostatic and  stacking interactions, or 
even hydrogen bonding, makes that coordination-driven self-assembly 





2.2. Supramolecular Coordination Complexes (SCCs) 
Coordination-driven self-assembly leads to the formation of 
Supramolecular Coordination Complexes (SCCs).
[6, 27, 34-42]
 SCCs are 
discrete constructs, typically obtained by mixing soluble metal and ligand 





thermodynamically favored product. Their well-defined cavities make them 
suitable for guest binding.
[43-46]
 SCCs are often referred to as “molecular 
flasks”
[47]
 because they often show well-defined nanoscopic cavities making 
them potentially useful for diverse applications, such as molecular 
recognition,
[13, 48-49]
 the stabilization of highly reactive species,
[50]
 pharmacy- 
as drug delivery/release vectors-,
[51-53]
 or even in catalysis due to the 




2.2.1. Werner-type SCCs 
Since the earlyest examples, the field of SCCs has been largely 
dominated by the use of Werner-type linkers (Scheme 3),
[24, 49, 59-61]
 because 
this type of supramolecular architectures is often constructed using N-, P- or 
O-donor linkers. Several key reviews on the field of Werner-type SCCs have 
already been published.
[15, 17, 21, 27, 33-34, 40-41, 62-67]
 A pioneer example of 
macrocycles formed by coordination-driven self-assembly was described by 
Verkade and co-workers as early as in 1983.
[68]
 By reacting a diphosphine 
bridging ligand with Cr, Mo or W carbonyl precursors, a series of 





described examples of rationally designed supramolecular squares of Pd and 
Pt. The structure reported by Fujita
[69]
 (2, Scheme 3) can be described as a 
tetra-metallic palladium-cornered square with four 4,4’-bipyridil units that 
link the four metal fragments. After the publication of these seminal 
contributions, various methodologies for the rational design of polygons, 









 and Nitschke 
[19, 
21, 76]
 have probably reported some of the most important contributions.  





Scheme 3: A selection of representative examples of SCCs. 
 
From the composition point of view, various metal fragments have 
demonstrated to be suitable for the metal-directed self-assembly of 
supramolecular architectures. For example, diphosphines and diamine 
complexes of Pt and Pd,
[15, 28-29, 31, 77]
 polynuclear rhenium tricarbonyl 
complexes,
[78-79]
  or metal-metal bonded cationic complexes (M =Rh, 
Mo),
[80]





Among the myriad of architectures described in the last few years,
[6, 12, 16, 21, 
29, 36, 40, 61-62, 75, 81-84]
 those using half-sandwich metal complexes as nodes of 
the supramolecular structures have attracted great attention.
[85-87]
 For 
example, over the las ten years, Jin and co-workers have focused their efforts 
into the preparation of multiple macrocycles, prisms and boxes from Ir, Rh 
(4, Scheme 3) and Ru-based half-sandwich units.
[87-89]
 These supramolecular 
systems were designed on the assumption that 
5
-Cp* (for Ir and Rh, as in 5, 
Scheme 4) or 
6
-arene (for Ru, as in 6) serve a a three coordinate ligands, so 
that the metal centre adopts a six-coordinate geometry, which is filled by the 
bridging O-, Cl- or N- donor ligands to afford the two- or three dimensional 
architectures via variation of the ligand ‘edges’. 
 
Scheme 4: Selected example of SCC bearing two tripyridyl triazine (tpt) linkers The 
trigonal prismatic assemblies are composed by six metal ions on the corners of the 
assembly, iridium for 5 and ruthenium for 6. 
 
Ruthenium metallocages have also represented an interesting subclass of 
SCCs.
[90]
 Therrien and coworkers have reported a large number of Ru-based 
SCCs,
[90-94]
 from which an interesting example (6) is depicted in Scheme 
4.
[92]
 This trigonal prismatic assembly contains two types of Werner-type 




ligands, namely three 2,5-dihydroxy-1,4-benzoquinato panels  and two 
tris(4-pyridyl)triazine linkers. The large inner cavity was first used for the 
encapsulation of square planar metal complexes with anticancer activity,
[92]
  




An interesting type of 3D metallosupramolecular assemblies are those using 
porphyrin-based ligands. These porphyrin linkers, when bound to a central 
metal cation, provide a binding site in the centre, which is pointing towards 
the center of the cavities of the cages.
[96-101]
 Also important is that the 
porphyrin-based ligands constitute the perfect scaffolds to tetragonal 
architectures, which are otherwise difficult to achieve. Some interesting 
examples on the use of metal-porphyrins in the construction of 
metallosupramolecular assemblies were reported by Nitschke and co-
workers.
[102-104]
 For example, Scheme 5 shows the preparation of a water-
soluble cubic-shaped porphyrin-based supramolecular capsule with a 
hydrophobic cavity (7), which was used for the encapsulation of organic 
guests, such as polycyclic aromatic hydrocarbons, and complex organic 




Scheme 5: Porphyrin-based SCC reported by Nitschke and co-workers obtained via 








Ribas and co-workers also published a series of interesting porphyrin-based 
tetragonal cages, which they used for the encapsulation of fullerenes.
[105-107]
 
By using a ‘sponge-like’ molecular cage, they were able to design a 
washing-based strategy to exclusively extract pure C60 from a mixture of 
fullerenes of different sizes.
[105]
 In a more recent contribution, the same 
group used the same type of ‘supramolecular fullerene sponge’, for the 
regioselective functionalization of C60.
[107]
 This study constitutes a unique 
example of how the molecular flask can be used as a template to fully direct 
the selectivity of an otherwise unselective reaction. In this case, the 
regioselectivity is strictly dictated by the four cross-shaped windows in the 
tetragonal prismatic cage (8), which is used as a mask to control the 
reactivity and equatorial regioselectivity of Bingel-Hisch cyclopropanation 
reactions of the confined C60 molecules, as depicted in Scheme 6. 
 
Scheme 6: Schematic representation of the regioselective functionalization of C60 with 
diethyl bromomalonate by using a tetragonal prismatic cage that behaves as a 
supramolecular mask by Ribas et al. 
[107]
 




Together with the geometries displayed by the supramolecular assemblies 
described above, tetrahedral architectures have also been a matter of 
continuous interest.
[108]
 The first tetrahedral metallosupramolecular structure 
was described by Fujita and co-workers in 1995.
[109]
 This tetrahedral 
architecture was obtained by using a trigonal planar tris-pyridyl ligand as 
scaffold in combination with [Pd(NO2)2(en)] (en = ethylene-diamine) in a 
3:2 (Pd:ligand) stoichiometry. It could be simplified as a octahedral motif 
with the tris-pyridyl ligands located only in four of the eight sides of the 
octahedron.  The resulting supramolecular structure has a large central void, 
which can accommodate large guest molecules, such as adamantly 
carboxylate. The use of other palladium (II) (9, 10), platinum (II)
[110]
 (11) or 
even Ru(II)
[111]
 (12) sources afforded a family of cages with the same 
tetrahedral structure (Scheme 7). 
 
 
Scheme 7: Metal-cornered SCCs with “tetrahedral” symmetry decorated with different 








2.3. Host-Guest Chemistry 
Due to the presence of cavities with well-defined sizes and shapes, Host-
Guest chemistry is arguably the most important feature of SCCs.
[43-46]
 
The presence of a void space in SCCs imparts a wide varity of 
applications, which include their use as flasks for chemical reactions,
[47, 
55, 112-114]
 containers for reactive chemical species,
[115-116]





 and as transport vehicles for 
molecules with medical properties
[35, 124-126]
  
Host-Guest chemistry is considered as a sub-discipline within 
supramolecular chemistry, and it can be defined as the chemistry 
involving the interactions between a large receptor with a cavity (host) 
able to harbor inside a smaller molecule of interest (guest) (Scheme 8).  
 
 
Scheme 8: Schematic representation of a Host-Guest System 
 
A large number of reviews and accounts have been published regarding this 
the use of supramolecular compounds used as receptors for the encapsulation 
of guests of interest.
[73, 82, 106, 127-129]
  For example, Raymond described the 
reversible guest exchange mechanisms in supramolecular host-guest 
systems.
[73]
 Chifotides and Dunbar described the use of host-guest systems 
involving anion- interactions.
[130]
 Schneider and Yatsimisky published a 




tutorial review aimed to provide a theoretical approach for the rational 
design of selective host-guest systems.
[82]
 In connection with 
metallosupramolecular chemistry, Frischmann and MacLachlan were the 
first ones to use the term “metallocavitand” to refer to multimetallic 




2.3.1. Receptors for Polycycic Aromatic Hydrocarbons (PAHs) 
Among all the examples reported in the literature describing 
supramolecular cages
[132]
 behaving as receptors for organic substrates, we 
will focus our attention on the systems used for the recognition of two types 
of guests: fullerenes and Polycyclic Aromatic Hydrocarbons (PAHs), since 
these have been the ones used in the research of this PhD Thesis. 
Polycyclic Aromatic Hydrocarbons (PAHs) 
[133-135]
 are organic compounds 
formed by two or more fused aromatic rings. Low molecular weight PAHs 
ranging from naphtalene (Mw =128.16) to coronene (Mw =300.36) are 
considered hazardous materials that have gathered significant environmental 
concern.
[136-139]
 Unsubstituted lower PAHs (2-3 rings) exhibit acute toxicity, 
while many of the 4- to 7-ring PAHs are less toxic but carcinogenic to a 
variety of organisms. Therefore, there is a great interest in developing host 
molecules for PAH detection.  
Most PAHs show a planar structure (Scheme 9), although they can be 
modified with the introduction of five member rings, which provide curve 
geometries, such as the bowl-shaped structure of corannulene. The number 
of aromatic rings that compose the PAH molecule not only determines its 
size, but also the number of -electrons that are available for -stacking with 









Scheme 9: Most common Polycyclic Aromatic Hydrocarbons (PAHs). 
 
A large number of organic hosts have been used for the recognition of PAHs, 
among which, those reported by Stoddart and co-workers lie among the ones 
that have shown larger binding affinities.
[43, 66, 141, 143]
 During the last 15 
years,   a large numer of examples of SCCs have been used for the 
encapsulation of PAHs,
[44, 90, 118, 144-156]
 but the search for more efficient 
metallocage-based receptors continuous to be a challenge because the 
binding affinities found are still far from those shown by the most efficient 
pure organic-based systems. 
One interesting type of SCC-based PAH-receptors were the ones explored by 
Quintela and Peinador (13, Scheme 10), which consisted of rectangle-like 
metallacycles containing either Pd(II) or Pt(II) nodes.
[151-152]
 These receptors 
were used for the encapsulation of naphthalene, carbazole, pyrene, and 
benzo[a]pyrene. The authors made special emphasis on exploring the size-
complementarity between the guests and the internal cavities of the 
metallacycles, and they found evidences of C-H/ interactions that stabilize 
the inclusion complexes and give predictable binding geometries. Some 
further findings made by the same authors were published in a review article 
in 2014.
[155]
 Another interesting example was described by Therrien and co-
workers (14), who reported a series of hosts 
[90-91, 93, 157]
 capable of harboring 
aromatic guests such as pyrene, fluoranthene, benzo[e]pyrene, triphenylene, 




or coronene. Nitschke and co-workers demonstrated that the incorporation of 
large aromatic panels into the structures of SCC provides more effective 
hosts for the encapsulation of planar polyaromatic guests (15).
[44]
 Scheme 10 
shows a selection SCCs used as PAH-receptors. 
 
Scheme 10: Selected examples of PAHs-receptors with a pyrene encapsulated. 
 
Binding of multiple guests by a single receptor (Scheme 11) can lead to new 
modes of host-guest interactions that may be translated into interesting 
applications. For example, receptors capable of intercalating multiple stacks 
are very challenging, because enabling discrete -stacks can facilitate the 





of planar guest molecules that can be brought inside a molecular cage 
depends exclusively on the cavity height, and this is exclusively determined 
by the pillar length.  
 
Scheme 11: Selected examples of metallocages used for multiencapsulation of PAHs.  
 
In 2010, Fujita et al. demonstrated how by modifying the length of the 
linker, the SCCs receptor can host a variable number of molecules, ranging 
from 2 to up to 5. Scheme 11, shows an example in which the receptor (16) 




hosts up to 5 molecules of pyrene-4,5-dione.
[158]
 Other examples of multi-
encapsulation of PAH have been described in the last few years,
[158-161]
 Of 
particular interest are those examples in which the receptor is able to 





 (18), both of them depicted in Scheme 11. 
Sometimes the encapsulation of heteroguests may produce important 
structural transformations that otherwise would be unnoticed. For example, 
in a very interesting contribution, by using the palladium-based trigonal 
prismatic cage 19, Fujita and co-workers showed how the cage is able to 
simultaneously encapsulate corannulene and N,N’-dimethyl 
naphthalenetetracarboxydiimide (NTCDI)  (Scheme 12).
[162]
 Interestingly, 
upon encapsulation, the molecule of corannulene is flattened, as observed 
form the bowldepth of the encapsulated molecule of corannulene (0,54 Å), 




Scheme 12: In this Host-Guest system, the palladium box-shaped cage (Host) encapsulates 
NTCDI (G1, Planar Guest) and corannulene (G2, Curved Guest). Palladium node in 
Complex 19 constitutes the same ethylenediamine palladium node shown in Complexes 16 







2.3.2. Metallocages as fullerene hosts. 
Fullerenes can be considered as all-carbon spheroidal PAHs. 
Fullerenes can be easily extracted from carbon soot, but the development of 
an efficient strategy for its purification remains challenging task, especially 
for those fullerenes with higher molecular weight than C70. As an alternative, 
several research groups have proposed the use of supramolecular receptors 
for the selective extraction and purification of fullerenes, and this is actually 
one of the main reasons of the increasing interest in host:guest studies with 
fullerenes in the last few years.
[163]
 









 lie among the most 
efficient ones. In addition to all those mentioned above, corannulene is 
among the most efficient binding units to be incorporated in synthetic 
molecular receptors for fullerenes. This is due to the shape complementarity 
that exists between the shallow concave cavity of corannulene and the 
convex surface of the fullerenes.
[167]
 Several synthetic receptors combining 
two or more corannulene binding units were recently synthesized.
[168]
 Some 
of these fullerene-receptors, which were named ‘buckycatchers’, showed 




Scheme 13: Selected examples of corannulene-based fullerene receptors or ‘buckycatchers’.  




In this regard, at Universitat Jaume I, the Organometallic and Homogeneous 
Catalysis group QOMCAT, from now on), also developed a fullerene 
receptor by using a di-Au(I) compound with a corannulene-di-N-heterocyclic 
carbene ligand (23). This metal-based receptor showed excellent binding 
affinity with fullerene- C60, producing guest:host complexes of 1:3 





Scheme 14. Corannulene-di-NHC-based receptor developed by the QOMCAT group at UJI  
 
SCCs have also been widely used for hosting fullerenes. Among the SCCs 
used for this purpose, those based on Pd(II)-pyridine chemistry are the ones 
that have been most widely used.
[177-181]
 Shinkai et al. were among the 
pioneering groups by reporting in 1999 a Pd-based calixarene capsule 
capable of expanding the size of its cavity to harbour fullerene C60 (24, 
Scheme 15).
[177]
 As mentioned above, some of the most illustrative examples 
of fullerene receptors are the ones described by Ribas and co-workers, which 
consist of porphyrin-based, sponge-like molecular cages able to encapsulate 
C60, C70, C76, C78 and C84.
[105-107]





Some other interesting examples in which the host contains other metals are 
also worth mentioning. For example, in 2014 Yoshizawa reported a Hg-
based transformable coordination capsule/tube that was able to change its 
shape and size, depending on whether it encapsulated C60 or C70 (25, Scheme 
15).
[182]
 Nithscke and co-workers developed a M
II
8L6 cage (M = Fe) with 
electron-deficient walls that was able to encapsulate C60, and enabled the 
















3. Supramolecular Organometallic Compounds (SOCs) 
3.1. Background 
As already mentioned in the sections above, metallosupramolecular 
chemistry is clearly dominated by the use of O- N- and P-donor Werner-type 
polydentate ligands. Only recently, organometallic ligands -largely based on 
poly-N-heterocyclic carbenes (NHCs)
[183-184]
- have allowed the preparation 















The term Supramolecular Organometallic Complexes (SOCs) was coined by 
Pöthig and Casini in 2019.
[209]
 Hence, Supramolecular Organometallic 
Complexes refer to complexes in which the carbon donor is part of the 
linker-node connection, and the (organic) linker is forming the 
organometallic bond to the metal node. This definition does not include 





-arenes), these are part of the metal nodes, and therefore are not 
decisive for the formation of the organometallic assembly. Examples of 
SOCs, include metallosupramolecular arrangements with organometallic 




  and alkynyls 
(33),
[213-217]
  some of which are depicted in Scheme 17. 
 
Scheme 17. Selected examples of SOCs bearing bis-alkenyl (31), diphenyl (32) 
and alkynyl (33) linkers 




The rapid development of SOCs has grown parallel to the development of 
multidentate NHC ligands, which benefited from the contributions of 






 This rapid growth 
of the chemistry related to SOCs is also exemplified by the publication of 
two recent key reviews by Hahn and co-workers.
[219-220]
  
The early examples of NHC-based SOCs referred to supramolecular 
assemblies based on polydentate NHC ligands bound to group 11 metals 
(Cu, Ag, Au).
[221-225]
 The reason for this, is that these metals often display 
linear coordination modes that facilitate the trans-coordination of the NHC 
ligands, therefore forming assemblies, in which the metals are sandwiched in 
between the two polydentate NHC ligands. However, during the last ten 
years, several planar polyconjugated poly-NHC ligands have facilitated the 
formation of a variety of structures in which the supramolecular assemblies 
can contain metals other than Cu, Ag and Au. Such ligands are the Janus-di-
NHCs and trigonal planar tris-NHCs displayed in Scheme 18. At this point, 
it is convenient to recall that a Janus-based NHC-ligand, refers to a bidentate 
bridging ligand that is able to bind to two different metal fragments in a 
facially-opposed manner. 
From the examples of poly-NHC ligands  shown in Scheme 18,
[226-230]
 the 
benzo-di-imidazolylidene ligand described by Bielawski in 2005 (35),
[203]
 
was the first one to demonstrate its suitability for the preparation of 
organometallic-based supramolecular assemblies. The use of these di-NHC 
ligands allows the synthesis of supramolecular assemblies whose dimensions 
may vary from the 6 Å stablished by the triazolylidene ligand (34)
[226]
 to up 
to almost 23 Å when the nanosized di-NHC with the 
quinoxalinophenanthrophenazine core
[229]
 is used (38). Parallel to the 











Scheme 18. Relevant available planar di- and tri-NHC ligands for the preparation of SOCs 
 
Hahn and co-workers were the first ones to exploit the linear arrangement of 
Bielawski’s benzo-bis-imidazolylidene ligand for the preparation of a 
number of square-shaped assemblies (Scheme 19) that included metals, such 
as, gold (41),
[186, 192, 198, 234]
 iridium (43),
[188, 235]





 and nickel (44).
[185]
 Together with the use of this benzo-bis-
imidazolylidene ligand, Hahn also used a structurally similar di(NH,O)-NHC 










Scheme 19. Some relevant examples of organometallic-based metallosqueres, described by 
Hahn and co-workers 
 
Although the number of SOCs has increased in the last few years, the 
number of examples of organometallic-based supramolecular assemblies that 
have been used for host-guest chemistry purposes is still very scarce. Some 
recent relevant examples of SOCs used for the encapsulation of organic 
substrates were described by Pöthig and co-workers.
[209, 238]
 This group of 
research developed organometallic-based Ag8 and Au8 pillarplexes which 
were highly selective for the encapsulation of linear molecules, such as 1,8-
diaminooctane, constituting a very unique case of rotaxanes. A very 





reversibly and quantitatively to an organic imidazolium-based [3]rotaxane 




Scheme 20. Relevant example of a Ag-based SOC (45) used in acid/base switchable 
rotaxane, reported by Pöthig and co-workers. It may also be observed as a Host-Guest 
system in which the silver anions are trapped by the imidazolium rings in order to form the 
pillarplex 45. 
 




3.2. SOCs developed in the QOMCAT group. 
With the accessibility to larger di- and tri-NHC planar ligands, such as those 
depicted in Scheme 18, Peris and co-workers from the QOMCAT group at 





 and twisted metallo-
cyclophanes,
[242]
 as the Au-based ones that are depicted in Scheme 21 (46- 





 were also developed, as will be 




Scheme 21. Gold-based nano-sized SOCs developed in the QOMCAT-UJI group. 
 
Interestlingly, the nanosized nature of the structures shown in Scheme 21, 
together with the presence of the planar polycyclic-polyconjugated panels 
shown in the structures of 46 and 48, made that these two structures were 







 The large binding affinities found are ascribed 
to the incorporation of the two cofacial aromatic polyconjugated panels 
separated by almost exactly 7 Å, thus providing the optimum conditions for 
guest recognition by π–π stacking interactions.  
In parallel to the development of these types of supramolecular structures, 
the QOMCAT group also described a series of metallotweezers for the 
recognition of organic and inorganic substrates. At this point, it s convenient 
to recall that a molecular tweezer is a molecular receptor that contains two 




Tweezers with rigid linkers enabling two parallel interaction sites separated 
by ≈7 Å are expected to behave as good hosts for the complexation of 
aromatic substrates by -stacking interactions with the aromatic pincers, as 
aromatic groups stack at an interplanar distance of ≤ 3.5 Å.  In this regard, 
by taking advantage of the design of a large number of NHC ligands 
decorated with polyaromatic functionalities, the QOMCAT group was able 






Scheme 22. Gold-based meetallotweezers developed in the QOMCAT-UJI group. 
 




These metallotweezers were used for the for the recognition of ‘naked’ metal 
cations (49)
[252]
 and polycyclic aromatic hydrocarbons (PAHs) (51).
[251]
 The 
recognition properties of this type of metallotweezers are highly dependent 
on the nature of the rigid connector, and of the ancillary ligands that 
constitute the arms of the tweezer (Scheme 19). For ‘U-shaped’ tweezers 
combining a rigid polyaromatic connector with polyaromatic functionalities 
at the arms of the tweezer (49), it was observed that the recognition abilities 
are highly influenced by the tendency of the tweezer to self-aggregate 
forming duplex complexes. This self-aggregation is avoided either when the 
connector displays a V-shaped structure (51) or when the conjugation is 
disrupted, so that the tether cannot participate in the -stacking event (50). 
In the case of the metallotweezer 49 the presence of the pyrene fragment and 
the N-H bond in the carbazole linker enable the receptor to show significant 
enhanced binding abilities toward PAHs functionalized with H-bonding 
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The main target of this Doctoral Thesis is the development of 
Supramolecular Organometallic Complexes (SOCs) based on a pyrene-
connected di-N-heterocyclic carbene, for their use as hosts for a series of 
organic molecules. This general objective can be divided into the following 
more specific objectives: 
 Developing effective synthetic protocols for the preparation of 
nickel- and palladium conjoined 2- and 3-dimensional architectures 
bearing a pyrene-di-N-heterocyclic carbene ligand. 
 Studying the host-guest chemistry properties of these supramolecular 
assemblies as hosts for polycyclic aromatic hydrocarbons. 
 Studying the host-guest chemistry properties of these supramolecular 
organometallic complexes as hosts for 3-D all-carbon molecules, 
such as fullerenes. 
 Studying the ability of the fullerene-containing host-guest complexes 
as singlet oxygen photosensitizers, use these assemblies as 
photocatalysts for the epoxidation and endoperoxidation of cyclic and 
acyclic alkenes 
 Studying the ability of the organometallic supramolecular assemblies 
obtained, as hosts for multiple guests, and determine their ability to 









Justification: All these objectives are built on the basis of the abilities of 
pyrene-containing ligands to magnify -stacking interactions, and therefore 
the supramolecular assemblies constructed with this moiety are expected to 
show enhanced affinities for -extended polyconjugated guests. Given the 
current concern about the high toxicity of polycyclic aromatic hydrocarbons 
(PAHs), we consider that these substrates constitute excellent molecules for 
host-guest studies, especially in view to find effective/selective PAH-
scavengers. In addition, fullerenes are all-carbon 3-dimensional molecules 
which are difficult to separate. Building supramolecular receptors capable to 
selectively encapsulate fullerenes is one of the current challenges of 
supramolecular chemistry. Finally, given the excellent spin-converting 
properties of fullerenes, it is expected that fullerene-containing assemblies 
constitute excellent candidates for the generation of singlet oxygen via visible 
















El objetivo principal de la presente Tesis Doctoral es el desarrollo de 
Complejos Organometálicos Supramoleculares (SOCs) basados en un 
ligando del tipo biscarbeno N-Heterocíclico conectado por un fragmento 
pireno. Este objetivo principal puede dividirse en los siguientes objetivos 
más específicos: 
 Desarrollo de protocolos sintéticos eficaces en la preparación de 
arquitecturas bidimensionales y tridimensionales de níquel y paladio 
basadas en un ligando de pireno bis-carbeno N-Heterocíclico. 
 Estudio de las propiedades host-guest de estos ensamblajes 
supramoleculares como receptores de hidrocarburos policíclicos 
aromáticos 
 Estudio de las propiedades host-guest de estos complejos 
organometálicos supramoleculares como receptores de moléculas 
tridimensionales basadas únicamente en carbono, tales como 
fulerenos. 
 Estudio de la actividad fotocatalítica de los complejos host-guest con 
fulereno encapsulado en reacciones de epoxidación y 
endoperoxidación de alquenos cíclicos y acíclicos, en las que el 
complejo host-guest se comporta como fotosensibilidazor en la 
generación de oxígeno singlete. 
 Estudio de la capacidad del complejo organometálico supramolecular 
para actuar como receptor de múltiples moléculas y determinar su 







Justificación: Todos estos objetivos, están diseñados en torno a maximizar las 
interacciones del tipo apilamiento- entre ligandos que contengan pireno, y 
moléculas poliaromáticas. Con lo cual, las estructuras supramoleculares 
construidas estos ligandos, se espera que presenten una elevada afinidad hacia 
moléculas con sistemas -policonjugados. Dada la actual preocupación 
medioambiental debido a la alta toxicidad de los hidrocarburos policíclicos 
aromáticos (PAHs), creemos que el estudio host-guest de este tipo de 
moléculas, constituye una excelente oportunidad en vistas de encontrar un 
receptor capaz de encapsularlos en su cavidad para así extraerlos de una forma 
eficaz y selectiva. Además, los fulerenos, son una serie compuestos 
tridimensionales formados únicamente por carbono, la separación de los cuales 
constituye una ardua tarea. Por esta razón, la síntesis de receptores 
supramoleculares capaces de encapsular selectivamente fulerenos es uno de los 
desafíos actuales de la química supramolecular. Por último, dadas las excelentes 
propiedades de los fulerenos como conversores de spin, es esperable que los 
SCC con fulereno encapsulado en su cavidad sean unos excelentes candidatos 







The field of metallo-supramolecular chemistry is dominated by the use of O- 
N- and P-donor Werner-type polydentate ligands. This type of molecular 
architectures is of high interest due to their wide range of applications, 
including molecular encapsulation, stabilization of reactive species, 
supramolecular catalysis and drug delivery, among others. Only recently, 
organometallic ligands have allowed the preparation of a variety of 
supramolecular coordination complexes, and the term Supramolecular 
Organometallic Complexes (SOCs), is gaining space within the field of 
metallo-supramolecular chemistry. The development of SOCs during the last 
decade has been boosted by the parallel development of multi-dentate N-
heterocyclic carbene (NHC) ligands. Although the number of SOCs has 
increased in the last few years, their use in host-guest chemistry purposes is 
still at its earliest infancy. Taking all this into account, this research is built 
on the basis of the abilities of pyrene-containing ligands to  magnify -
stacking interactions and therefore the supramolecular assemblies 
constructed with this moiety are expected to show enhanced affinities for -
extended poly-conjugated guests. Thus, the main target of this Doctoral 
Thesis is the development of supramolecular organometallic complexes 
based on a pyrene-connected di-N-heterocyclic carbene, for their use as 
hosts for a series of organic molecules. 
By using a common pyrene-connected di-N-heterocyclic-carbene ligand, 
four SOCs were prepared (Scheme 1): two nickel-cornered organometallic 
metalla-rectangles (1 and 2), a nickel-based molecular trigonal prism (3) and 





The metallorectangles 1 and 2 contain two pyrene-di-imidazolylidene 
ligands a two pyrazines (1) or 4,4’-bypyridines (2). The dimensions of the 
two molecular boxes depend on the N-donor ligand used. For both 
complexes the side built with the pyrene-di-NHC measures 13 Å, while the 
side bound by the di-N-donor ligand measures 7 Å for 1, and 11 Å for 2. 
Both molecular boxes were used for the encapsulation of polycyclic aromatic 
hydrocarbons (PAH). The binding abilities of the two hosts were clearly 
dependent on the dimensions of the cavity. The smaller molecule, 1, was 
able to encapsulate only one guest molecule, while 2 was able to encapsulate 
two PAH molecules. 
 





The determination of the association constants by 
1
H NMR spectroscopy in 
acetone-d6, indicated that the binding strength are in the order perylene < 
naphthalene < phenanthrene < anthracene < pyrene < triphenylene, with 
constants ranging from 130-4400 M
-1
 for the case of 1. Lower constants 
were found when 2 were used. The trend in the binding affinities indicates 
that larger PAHs show a higher binding strength than smaller ones, because 
larger guests facilitate a more efficient face-to-face overlap. For the case of 
perylene, the constant is very small, because its size is too large to fit in the 
cavity. In a parallel experiment we showed that 1 is able to fully extract 
pyrene from a solution of this PAH in heptane, therefore illustrating that 1 
can be used as a pyrene-scavenger. After the preparation of 1 and 2 and the 
study of their host-guest properties, we aimed to obtain a three-dimensional 
host with a larger cavity, so that we could use it for the encapsulation of 
three dimensional guests, such as fullerenes. Thus the molecular trigonal 
prismatic molecule 3 was built by combining three pyrene-bis-
imidazolylidene ligands and two of tris-(4-pyrdil)triazines.The X-ray 
diffraction structure of the molecule (Figure 1) reveals that the cage 
possesses an internal cavity with a volume of 1028 Å
3
, thus suitable for the 
encapsulation of large 3D-molecules, such as fullerenes (Scheme 2). This 
cage shows highly selective complexation of C70 over C60, showing its 
potential applications for fullerene separation and purification. The 
determination of the binding constants of 3 with C60 and C70 was determined 
by 
1
H NMR spectroscopy in a mixture of acetone/1,2-dichlorobenzene at 
different temperatures. This actually allowed us to determine the 
thermodynamic values associated to the encapsulation, by using the 





kcal/mol and S = 27 cal/molK for C60 and H = 3.8 kcal/mol and S = 34 
cal/molK for C70.  
Thus, the complexation is entropically favored by desolvation of the host and 
the guest. The complexation of C70 shows a greater value of S due to the 
larger number of solvent molecules bound to C70 relative to C60. The 
endothermicity of the associations is explained by the large solvation 
enthalpies of the host and guest.  
 
Figure 1: X-ray diffraction structure of 3 (hydrogen atoms and counter-anions omitted for 
clarity). 
The palladium-cornered metallosquare 4 was obtained in a one-pot reaction 
by mixing a pyrene.bis-imidazolium salt and [Pd(allyl)Cl]2 in acetonitrile in 
the presence of AgBF4 and Cs2CO3. This molecular assembly can be 
described as a metallo-square, although the flat polyaromatic surface of the 
four pyrene moieties generates a “three-dimensional”, rather than a “two-





encapsulation of fullerenes C60 and C70, and the resulting binding affinities 
were calculated by 
1
H NMR spectroscopy in 1,2-dichlorobencene at different 
temperatures. The results obtained showed that the host showed a higher 
affinity for the larger fullerene C70. The thermodynamic values found for the 
encapsulation of C60 were H = 1.7 kcal/mol and S = 22 cal/molK. For the 
encapsulation of C70, the values obtained were H = 3.9 kcal/mol and S = 
34 cal/molK. The small and positive values of the association enthalpies can 




Scheme 2: Schematic representation of the encapsulation of fullerenes inside 3 in o-
dichlorobenzene. 
 
The molecular structures of the empty molecule of 4, and the ones with 
encapsulated C60 and C70 were obtained by X-ray diffraction studies (Figure 
2). These structures show that the metallo-square is size-flexible, and 
therefore able to adapt its shape to the size of the encapsulated fullerene. 
This is achieved by compressing or expanding the structure and by bending 
the pyrene moieties in order to maximize the face-to-face overlap with the 





is that both host-guest complexes behaved as singlet oxygen 
photosensitizers.  
By taking advantage of this property, the metallocage with the encapsulated 
fullerenes is able to oxidize a series of alkenes at room temperature via 
visible light-induced singlet oxygen generation, using oxygen molecules in 
air at atmospheric pressure (Scheme 3). 
 
Figure 2. X-ray diffraction structures of 4 (left), C60@4 (middle), and C70@4 (right), 
showing some selected dimensions. Hydrogen atoms, counteranions (BF4
-
) and solvent 
molecules omitted for clarity. Two molecules of C70 (0.5  
By measuring the phosphorescence emission spectra of singlet oxygen 
generated of the two complexes upon irradiation with visible light, 
1
O2 
quantum yields of = 0.23 and 0.41, were obtained for C60@4 and C70@4, 
respectively, and this explains the larger photocatalytic activity shown by 
C70@4 compared to that shown by C60@4. These results are important 
because they suggest that other fullerene-containing supramolecular systems 






Scheme 3: Fullerene-containing box 4 used as photocatalyst for the peroxidation of cyclic 
and acyclic alkenes 
The palladium cage was found to display a perfect-sized cavity for the 
encapsulation of three heteroguests (Figure 3). These included two 
electronrich polycyclic aromatic hydrocarbons (pyrene, triphenylene or 
coronene), and one molecule of   naphthalene tetracarboxydiimide (NTCDI). 
This enabled the formation of quintuple D-A-D-A-D stacks, in which the 
two pyrene panels frome the host constitute the bookend donors. Such type 
of a discrete p-stack is very interesting, because it established a model for the 
construction of electronic devices at the molecular level. The encapsulating 
properties of the metallosquare were clearly determined by the presence of 
the pyrene panels, which endow the metallosquare a three-dimensional 
shape, thus behaving as an effective antenna for -stacking interactions. 
Clearly, the addition of the heteroguests to the structure of 4 is affected by a 
cooperative effect, in which the presence of the PAH guests has a positive 
influence in the encapsulation of the molecules of NTCDI. Unlike any other 





multiple heteroguests, our metallosquare 4 is the first one to show a square 
structure, while all other known examples are based on ‘closed’ trigonal 
prismatic architectures.  
 
Figure 3: Host-guest association complex of the tetrametallic palladium-based 
supramolecular cage 4 and three heteroguests molecules. The red molecules are Naphtalene 
Tetracarboxidiimide (NTCDI) whilst the blue one is a coronene molecule. In this work, 
apart from coronene we were also able to encapsulate other PAH between the NTCDI tags, 
such as pyrene or triphenylene. 
 
 
In summary, we developed a new family of Supramolecular Organometallic 
Complexes (SOCs) with a great potential as selective receptors for different 
guests. After the study of the host-guest chemistry of these compounds we 
develop an efficient strategy for the recognition and encapsulation of high 
value molecules such as PAH and fulerenes. Our SOCs were used as 





and binding strength and as effective PAH- scavengers. Our SOCs were also 
used as selective fulerene receptors adapting the size of their cavity to the 
shape of the fullerene. The SOCs were also used as efficient photosensitizers 
in the generation of singlet oxygen from atmospheric air and visible light, 
being able of oxidase a great variety of alkenes photocatalytically. Finally, 


























































El campo de la química supramolecular con metales de coordinación está 
dominado por los ligandos polidentados del tipo Wener O- N- y P-dadores. 
Este tipo de estructuras moleculares tiene un alto interés debido a su gran 
rango de aplicaciones, entre las que se incluyen la encapsulación molecular, 
la estabilización de especies reactivas, catálisis supramolecular y 
liberamiento de fármacos, entre otras. Únicamente en los últimos años se han 
utilizado ligandos organometálicos en la preparación de Complejos de 
Coordinación Supramoleculares (SCCs), y es ahora cuando el término 
Complejos Organometálicos Supramoleculares (SOCs) se está abriendo paso 
en el campo de la química supramolecular con metales de coordinación. El 
desarrollo de SOCs durante los últimos años ha estado potenciado por el 
desarrollo paralelo de ligando multidentandos basados en carbenos N-
heterocíclicos (NHCs). Aunque el número de SOCs se ha visto incrementado 
en los últimos años, su uso en la química host-guest todavía no ha sido 
explotado. Teniendo todo esto en cuenta, esta investigación está construida 
sobre las bases de ligandos que contienen un fragmento pireno para 
maximizar las interacciones de apilamiento-con el fín de que los 
ensamblajes supramoleculares construídos con este fragmento presenten una 
alta afinidad por moléculas poliaromáticas. Por consiguiente, el objetivo 
principal de esta Tesis Doctoral es el desarrollo de complejos 
organometálicos supramoleculares basados en ligandos carbeno N-
Heterocíclicos con fragmentos pireno para su posterior uso como receptores 





Así pues, a partir de un ligando biscarbeno N-Heterocíclico conectado por 
pireno, cuatro SOCs fueron preparados (Esquema 1): dos metalo-rectángulos 
basados en níquel (1 y 2), un prisma trigonal basado en níquel (3) y un 
cuadrado molecular basado en paladio (4).  
 
Esquema 1: Los cuatro complejos organometálicos supramoleculares obtenidos en esta 
investigación.  
Los metalo-rectángulos 1 y 2 contienen dos ligandos pireno bis-
imidazolilideno y dos pirazinas (1) o 4,4’-bipiridinas (2). Las dimensiones de 
las dos cajas dependen del ligando N-dador utilizado. Para ambos 
compuestos, el lado construido con pireno-bis-NHC mide 13 Å, mientras que 





para 2. Ambos complejos fueron utilizados para la encapsulación de 
hidrocarburos policíclicos aromáticos (PAH). La capacidad de formar 
complejos de asociación de las diferentes cajas estaba claramente 
determinada por las dimensiones de la misma, por lo que la caja pequeña, 1, 
era capaz de encapsular sólo una única molécula, mientras que 2 era capaz 
de albergar hasta dos moléculas de PAH. Los valores de las constantes de 
asociación calculados por espectroscopía de 
1
H  RMN en acetona deuterada, 
indican que el orden de la fuerza de enlace es el siguiente: perileno < 
naftaleno < fenantreno < antraceno < pireno < trifenileno, con constantes que 
van desde 130-4400 M
-1
 en el caso de 1. En el caso de 2, se obtuvieron 
constantes de asociación más pequeñas. La tendencia indica que los PAH 
más grandes muestran una mayor fortaleza de enlace que los PAH más 
pequeños, esto se debe a que su mayor tamaño favorece un mayor 
solapamiento. En el caso del perileno, la constante es tan pequeña porque su 
tamaño excede las dimensiones de la cavidad. Paralelamente, en otro tipo de 
experimentos similares, demostramos que 1 es capaz de extraer 
completamente todo el pireno de una solución de este PAH en heptano, 
ilustrando que dicho complejo puede ser utilizado como extractor de pireno.  
Tras la preparación de 1 y 2 y el estudio de sus propiedades host-guest, 
nuestro objetivo fue la preparación de receptores tridimensionales con una 
mayor cavidad, para así poder encapsular moléculas tridimensionales de 
mayor tamaño, como por ejemplo fulerenos. Por consiguiente, el prisma 
trigonal 3 fue obtenido por combinación de tres ligandos pireno bis-
imidazolilideno y dos tris-(4-piridil) triazinas. La estructura obtenida por 
difracción de rayos-X de la molécula (Figura 1) revela que la caja posee una 
cavidad interna con un volumen de 1028 Å
3
, con unas dimensiones 





(Esquema 2). Esta caja presenta una complejación selectiva sobre el C70 en 
presencia de C60, por lo que puede ser considerada como un posible agente 
separador en la purificación de mezclas de fulerenos. 
Figura 1: Estructura de 3 obtenida por difracción de rayos-X (los átomos de hidrógeno y los 
contraiones han sido omitidos por claridad). 
La determinación de las constantes de asociación de 3 con C60 and C70 fue 
calculada mediante espectroscopía de 
1
H  RMN en una mezcla acetona/1,2-
diclorobenceno a diferentes temperaturas. Esto nos permitió calcular los 
parámetros termodinámicos asociados a la encapsulación, utilizando la 
ecuación de Van’t Hoff. Los valores obtenidos fueron: H = 3.1 kcal/mol y 
S = 27 cal/molK para el C60 y H = 3.8 kcal/mol y S = 34 cal/molK para 
el C70. El proceso es favorable entrópicamente debido a la desolvatación del 
receptor y de la molécula encapsulada. El proceso con C70 presenta un valor 
de S mayor debido a que hay un mayor número de moléculas de disolvente 
enlazadas al C70 en proporción al C60. El hecho de que el proceso sea 





El complejo cuadrado de paladio 4 fue obtenido en una reacción one-pot 
combinando la sal de pireno-bis-imidazolio y el [Pd(allyl)Cl]2 en 
acetonitrilo, en presencia de AgBF4 y Cs2CO3. Esta arquitectura molecular 
puede ser descrita como un metalo-cuadrado, pese a que la superficie plana 
poliaromática de los cuatro fragmentos pireno genera una caja cúbica 
macrocíclica tridimensional, más que bidimensional. Este compuesto de 
paladio fue utilizado en la encapsulación de fulerenos C60 y C70, y las 
constantes de asociación fueron calculadas mediante espectroscopía de 
1
H  
RMN en 1,2-diclorobenceno a diferentes temperaturas. Los resultados 
obtenidos muestran que el receptor presenta una mayor afinidad por el 
fulereno más grande C70.  
 
Esquema 2: Representación esquemática de a encapsulación de fulerenos dentro de 3 en 
1,2-diclorobenceno. 
 
Los parámetros termodinámicos hallados para la encapsulación de C60 
fueron H = 1.7 kcal/mol y S = 22 cal/molK. Para la encapsulación de C70, 
los valores obtenidos fueron H = 3.9 kcal/mol y S = 34 cal/molK. Los 
valores de las entalpías de asociación tan pequeños pueden explicarse debido 






Las estructuras de la molécula de caja 4 vacía, así como con fulereno C60 y 
C70 encapsulados fueron obtenidas mediante difracción de rayos-X (Figura 
2). Estas estructuras muestran que el metalo-cuadrado no sólo es flexible, 
sino que adapta su forma y tamaño al fulereno encapsulado. Esto se consigue 
mediante la compresión o expansión de la estructura doblando el fragmento 
pireno para maximizar el solapamiento con la superficie convexa de los 
fulerenos. 
 
Figura 2. Estructuras de difracción de rayos-X de 4 (izquierda), C60@4 (centro), y C70@4 
(derecha). Los átomos de hidrógeno, contraniones y moléculas de disolvente han sido 
omitidas por claridad. 
Una característica muy atractiva de los complejos de asociación C60@4 y 
C70@4 es que ambos se comportan como fotosensibilizadores en la 
generación de oxígeno singlete. Aprovechando esta propiedad, la caja con 
fulereno encapsulado es capaz e oxidar varios alquenos a temperatura 
ambiente a partir de luz visible con el oxígeno singlete generado a partir de 
air a presión atmosférica (Esquema 3). Tras medir el espectro de emisión del 





con luz visible, los rendimientos cuántos obtenidos han sido = 0.23 y 
0.41, para el C60@4 y C70@4, respectivamente, lo que explicaría por qué el 
complejo C70@4 presenta una mayor actividad fotocatalítica con respecto al 
C60@4. Estos resultados son importantes porque sugieren que otros sistemas 
supramoleculares que contengan fulereno tienen el potencial de ser usados 
en reacciones catalíticas similares. 
 
Esquema 3: Caja supramolecular 4  con fulereno encapsulado utilizada como 
fotocatalizador en la peroxidación de alquenos cíclicos y acíclicos. 
La caja de paladio presenta el tamaño perfecto para la encapsulación de tres 
heteroguests (Figura 3). En el sistema se incluyen dos hidrocarburos 
policíclicos aromáticos ricos electrónicamente (pireno, trifenileno o 
coroneno), y una molécula de naftaleno tetracarboxidiimida (NTCDI). Esto 
posibilitó la formación de apilaciones quíntuples del tipo D-A-D-A-D. Este 
tipo de sistemas discretos con apilamiento- son muy interesantes, ya que 






Las propiedades de encapsulación del metalo-cuadrado estan claramente 
definidas por la presencia de los fragmentos pireno, los cuales dotan al 
complejo de una forma tridimensional, comportándose de este modo como 
una antena efectiva para interacciones de apilamiento-. Claramente, la 
introducción de las diferentes moléculas en la estructura de 4 está afectada 
por el efecto cooperativo, en el cual la presencia de las moléculas de PAH 
tiene una influencia positiva en la encapsulación de moléculas de NTCDI. A 
diferencia de cualquier otro sistema utilizado previamente en la 
encapsulación de múltiples heteroguests, nuestra caja supramolecular 4 es la 
primera en mostrar una estructura de forma cuadrada, mientras que todos los 
demás ejemplos de la literatura están basados en arquitecturas del tipo 
prisma trigonal cerradas.  
 
Figura 3: Complejo de asociación host-guest en que la caja de paladio4 presenta 
encapsuladas tres moléculas. Las dos moléculas dibujadas en rojo son  naftaleno 
tetracarboxidiimida (NTCDI) mientras que la molécula azul es un PAH, en este ejemplo 






En resumen, hemos desarrollado una nueva familia de Complejos 
Organometálicos Supramoleculares (SOCs) con un gran potencial como 
receptores de diferentes moléculas de alto interés. Después de estudiar las 
propiedades host-guest de estos compuestos, hemos desarrollado una 
estrategia eficiente para el reconocimiento y encapsulación de moléculas de 
alto interés como los PAH y los fulerenos. Nuestros SOCs fueron utilizados 
como receptors de PAH presentando una correlación linear entre el número 
de electrones- y la Fortaleza de enlace así como la eficacia como extractor 
de PAH. Nuestros SOCs también fueron utilizados como receptores 
selectivos de fulerenos adaptando el tamaño de su cavidad a la forma del 
fulereno. Los SOCs fueron utilizados como fotosensibilizadores en la 
generación de oxígeno singlete a través de luz visible, siendo capaces de 
oxidar una gran variedad de alqueno fotocatalíticamente. Finalmente, los 
SOCs fueron capaces de albergar en su cavidad series de moléculas planas a 
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Two nickel-cornered organometallic metalla-rectangles containing a pyrene-
linked-di-N-heterocyclic carbene have been prepared. The dimensions of one 
of the sides of the rectangle was modulated by either using pyrazine of 4,4’-
bipyridine. The two molecules were tested as hosts for the recognition of 
seven small polycyclic aromatic hydrocarbons (PAHs) in acetone-d6. By 
using 
1
H NMR titrations, it could be established that the host:guest 
stoichiometries of the inclusion complexes formed were 1:1 for the pyrazine-
based host, and 1:2 for the host containing bipyridine, in accordance with the 
higher dimensions of the latter one. The molecular structure of the inclusion 
complex of the bipyridine-containing host and pyrene was determined by X-
ray diffractometry and confirms the 1:2 host:guest stoichiometry of this 




species. The determination of the association constants indicated that the 
binding strength are in the order perylene < naphthalene < phenanthrene < 
anthracene < pyrene < triphenylene, ranging from 130-4400 M
-1
 for the case 
of the smaller host, thus indicating that larger PAHs show a higher binding 
strength than smaller ones, except for the case of perylene, which exceeds 
the size for an optimum dimensional fitting within cavity. As a proof of 
concept, the pyrazine host was used as a PAH-scavenger in heptane.  
Introduction 
The basis for metallosupramolecular design is the availability of rigid 
ligands with two or more binding sites, which in combination with suitable 
metals form symmetrical structures with a variety of shapes and sizes.
[1-5]
 
Supramolecular coordination complexes (SCCs)
[6, 7]
 are often referred to as 
"molecular flasks",
[8-10]
 because they show well-defined nanoscopic cavities. 





 for the 
stabilization of highly reactive species,
[19]




The structural outcome of metallosupramolecular synthesis is largely 
dependent on the nature of the metal ions and ligands. From the design 
perspective, the ligand is arguably considered as the most important block, 
because its topological features and binding abilities determine the size, 
geometry and functionality of the resulting metallasupramolecules. This, 
combined with the predictable and well-defined coordination geometries of 
transition metals, gives metallosupramolecules some advantages over 






 which for achieving similar goals often 
require highly sophisticated multistep synthetic procedures.  
Most of the known metallosupramolecular molecules are based on the use of 
N- or O-donor Werner-type polydentate ligands, and only recently, 
organometallic ligands -largely based on poly-N-heterocyclic carbenes 
(NHCs)
[34, 35]
- have allowed the preparation of a diverse type of SCCs, 







 Most of the known organometallic 
molecular squares and rectangles, are based on the use of the well-known 
benzo-di(imidazolylidene) ligand (A) described by Bielawski and co-
workers in 2005.
[54, 60]
 The benzo-di(oxazolylidene) ligand (B) described by 
Hahn and co-workers also allowed the preparation of a number of molecular 
squares.
[39, 40, 61, 62]
 The same group recently described an example of a M4L4 
molecular square with four bridging benzobisimidazolylidenes, obtained by 
a single-step procedure.
[63]
 These examples demonstrate the great potential 
of Janus-di-NHCs for the construction of metallosupramolecular assemblies, 
but also illustrate the limited number of organometallic ligands that are 
currently available for preparing metallosupramolecular assemblies. In fact, 
the use of either A or B, allows to establish a metal-to-metal separation of 
10.4 Å, which in most cases is too small for building cavities of the 
appropriate size for hosting organic guests. This may be the reason why none 
of the above mentioned organometallic metallosupramolecules have been 
used as receptors for organic molecules, and probably this also explains why 
organometallic host-guest chemistry is so rare, despite the increasing number 
of known organometallic assemblies. During the last few years, we 
developed a series of Janus di-NHC ligands that should allow constructing 
SCCs with longer metal-to-metal distances.
[64-66]
 We also found that these di-




NHCs with extended polyaromatic linkers imparted unique catalytic 
properties that we ascribed to supramolecular interactions between aromatic 
substrates and the polyaromatic cores of the ligands.
[67]
 Because rectangle-
like species have demonstrated unique binding abilities and selectivities for 
planar aromatic guests,
[28]
 we thought that our nanosized Janus-di-NHCs 
may introduce interesting applications for host-guest chemistry, and for this 
reason we became interested in developing a series of molecular rectangles 
for the selective recognition of organic molecules. In particular, we sought 
that the structural features of the pyrene-linked di-NHC ligand C (Scheme 
1),
[64]





Scheme 1. A and B, Janus di-NHC used for the preparation of known molecular 
rectangles. C, di-NHC used in this work. D, previously published Ni-cornered 
rectangle. 
 




potential to recognize polycyclic aromatic hydrocarbons (PAHs) by means 
of - stacking interactions. Low molecular weight PAHs ranging from 
naphtalene (Mw =128.16) to coronene (Mw =300.36) are hazardous 
materials that have gathered significant environmental concern.
[68-71]
 
Unsubstituted lower PAHs (2-3 rings) exhibit acute toxicity, while many of 
the 4- to 7-ring PAHs are less toxic but carcinogenic to a variety of 
organisms. Therefore, there is a great interest in developing host molecules 
for PAH detection. Several metallasupramolecular rectangles have been used 
for the recognition of PAHs,
[72-79]
 although all the examples known refer to 
the Werner-type coordination cages with second and third row transition 
metals. Based on these precedents, herein we describe the preparation of two 
nickel-cornered molecular rectangles based on the pyrene-bis-
imidazolylidene ligand C, for the selective recognition of a range of small 
PAHs. 
Results and Discussion 
The synthetic procedure that we used is depicted in Scheme 2. The reaction 
of the pyrene-bisimidazolium diiodide 1 with nickelocene in a mixture of 
dimethylformamide/tetrahydrofuran afforded the dimetallic complex 2 in 73 
% yield. Then the reaction of complex 2 with pyrazine and two equivalents 
of AgBF4 leads to the air-stable tetra-nickel complex [3](BF4)4 in 75 % 
yield. By following a similar procedure, but adding 4,4‘-bipyridine instead 
of pyrazine, complex [4](BF4)4 was obtained in 80 % yield. Complexes 2, 
[3](BF4)4 and [4](BF4)4 were characterized by NMR spectroscopy, mass 
spectrometry and elemental analysis. 
The molecular structure of complex 2 was confirmed by single crystal X-ray 
diffraction (Figure 1). The molecule consists of a pyrene-linked-di-




imidazolylidene connecting two nickel centers. The coordination sphere 
about the metals is completed by one iodine and one cyclopentadienyl 
ligand. The relative disposition of the two metal complex fragments is anti, 
with the two iodine ligands pointing at opposite directions.  
Scheme 2. Synthesis of nickel-cornered rectangles. 
The metal complex fragments are oriented in the less hindered position, with 
the Ni-I bonds quasi-perpendicular with respect to the plane of the 




imidazolylidene. The Ni-C(carbene) distance is 2.131 Å, and the separation 
between the two metals is 12.989 Å, similar to the M-M distances of other 





Figure 1. Molecular structure of complex 2. Ellipsoids at 50 % of probability. Hydrogen 
atoms and solvent (chloroform) omitted for clarity. Selected bond distances (Å) and angles 
(º): Ni(1)-C(1) 1.890(3), Ni(1)-I(1) 2.4838(6), C(1)-Ni(1)-I(1) 96.60(11). 
We then tested our molecular rectangles [3](BF4)4 and [4](BF4)4 for the 
recognition of small polycyclic aromatic hydrocarbons (PAHs). Our initial 
guess was that the metal-to-metal distance established by the pyrene-di-
imidazolylidene ligand of ≈13 Å, should allow establishing a size cutoff of 
PAHs of up to pyrene or triphenylene (4 rings), while larger PAHs such as 
coronene (7 rings), with a larger size of 11.3 Å, should not fit inside the 
cavity of either of the two rectangles. The choice of the N-heterocyclic linker 
(pyrazine or 4,4‘-bipyridine), should determine whether one or two layers of 
the polyaromatic guests are accommodated inside the cavity, according to 
the Ni-Ni distances established along the heterocyclic linkers, which we 
estimated as 7 and 11 Å, for pyrazine and 4,4‘-bipyridine, respectively. We 




also envisioned that the tetracationic nature of the two rectangles, together 
with the presence of the pyrene linker, should favor the incorporation of 
electron-rich PAHs through --stacking interactions. 
The recognition abilities of complexes [3](BF4)4 and [4](BF4)4 were studied 
by 
1
H NMR titration experiments, by monitoring the variation of the 
chemical shifts of the signals of the ligands of the complexes upon addition 
of solutions of the different polyaromatic guests. For our studies we chose 
acetone-d6, because it provided the best solubility for hosts and guests, 
together with 
1
H NMR spectra with sharp signals of the hosts. Most studies 
for the determination of the association constants between coordination 
cages and PAHs have been developed in acetonitrile, but the recent shortage 
of this solvent and its higher toxicity makes acetone a much greener and 
convenient alternative,
[81, 82]
 especially if further practical applications are 
pursued. The titrations were performed at constant concentrations of the 
hosts (typically 1 mM). In general, the addition of the solutions of the guests 
induced important perturbations in the 
1
H NMR spectra, indicating the 
formation of inclusion complexes that showed fast kinetics on the NMR 
timescale. However, when [3](BF4)4 was used as host, the NMR titrations 
with the larger PAHs, produced a significant broadening of the signals of the 
host, suggesting that the formation of the aggregates showed a kinetics 
occurring in the range of the NMR timescale. This observation is in 
agreement with the findings reported by Stoddart and co-workers, in the 
sense that smaller PAHs form inclusion complexes faster than the larger 
ones.
[83]
 Figure 2 shows the 
1
H NMR spectra resulting from the titration of 
[3](BF4)4 with naphthalene. As can be observed, the addition of guest to the 
host solution produces a significant upfield shift of the signal due to the 
protons of the host pyrene linker, together with a gradual downfield shift of 




the signal due to the protons of the pyrazine. This behaviour clearly confirms 
that the guest occupies the hollow gap of the molecule, which is the only 
region where the chemical shifts of the two linkers of [3](BF4)4 can be 
simultaneously perturbated. 
Figure 2. Representative region of the 
1
H NMR (400 MHz) spectra of the titration of 
[3](BF4)4 with naphtalene. The spectra were recorded at a constant concentration of 
[3](BF4)4 (1 mM). The plot represents the binding isotherm, with the resulting association 
constant obtained from the nonlinear regression analysis. 
The stoichiometry of the host:guest complexes formed was found to be 1:1, 
for all the cases in which host [3](BF4)4 was used. This assumption was 
based on the analysis of the binding isotherms resulting from the titrations of 
host [3](BF4)4 with all the polyaromatic guests. In all cases the 1:1 
stoichiometry gave the lowest residuals compared to any other 
stoichiometry.
[84]
 A Job plot was also carried out to confirm the formation of 
the 1:1 complex (Figure 3 shows a representative Job plot for the case of 




[3](BF4)4 and triphenylene). The association constants (K11) were calculated 
by global nonlinear regression analysis.
[84, 85]
  
Figure 3. Left: Job plot for the inclusion complex formed between [3](BF4) and 
triphenylene (1:1 stoichiometry). Right: Job plot for the inclusion complex formed between 
[4](BF4) and triphenylene (1:2 stoichiometry).  
A different situation arises when [4](BF4)4 is used as host. For this molecule, 
we performed the titrations with pyrene and triphenylene. In both cases, the 
titration curves were best fitted to a 1:2 host:guest stoichiometry. The 
corresponding Job plots also confirmed this stoichiometry (Figure 3). This 
result is consistent with the larger size of the cavity formed when 4,4‘-
bipyridine is used instead of pyrazine, which should allow two guests 
molecules to be accommodated within the hollow space of the rectangle. 
The analysis of the 
1
H NMR spectra also allowed determining the host:guest 
association constants, which are shown in Table 1. The results indicate that 
the binding affinities of the PAHs guests are in the order perylene < 
naphthalene < phenanthrene < anthracene < pyrene < triphenylene. The 
binding constants associated to [4](BF4)4 are in accordance with a classical 
stepwise non-cooperative binding, for which K11 ≈ 4K12, as expected for a 
situation where the binding sites are identical and independent of each 






 It has to be taken into account that, despite the good fittings, the 
association constants related to [4](BF4)4 have to be taken as a crude 
estimation, due to their low values which indicate a very low degree of 
formation of the inclusion complexes along the titration.  
 
Table 1. Association constants (M
-1
) for the complexation of [3](BF4)4 and [4](BF4)4 with 
low molecular weight PAHs. 
a
K11 and K12 values calculated by global nonlinear regression 
analysis.
[84, 85]
 Titrations were carried out using constant concentrations of host of 1 mM in 
acetone-d6 at 298 K. Errors refer to the regression fittings. 
 
Entry Host Guest H:G K11 K12 
1 [3](BF4)4 naphthalene 1:1 460±20 -- 
2 [3](BF4)4 phenanthrene 1:1 1540±110 -- 
3 [3](BF4)4 anthracene 1:1 2600±350 -- 
4 [3](BF4)4 triphenylene 1:1 4400±500 -- 
5 [3](BF4)4 pyrene 1:1 3450±400 -- 
6 [3](BF4)4 perylene 1:1 130±25 -- 
6 [4](BF4)4 triphenylene 1:2 181±30 40±10 
7 [4](BF4)4 pyrene 1:2 18±3 4±1 
8 [3](BF4)4 coronene -- -- -- 
 
The association constants shown by [3](BF4)4 are higher than those observed 
for [4](BF4)4, probably as a consequence of the closer distance between the 
two pyrene walls in [3](BF4)4, which facilitates an optimized -stacking 
interaction with the planar PAHs molecules. According to Rebek’s rule the 
binding between the host and the guest is expected to be favorable when the 
guest occupies about 55% of the host volume.
[89]
 However, this rule has 
exceptions when the structures are open to the exterior, as in a molecular 
rectangle. Also, it is difficult to make an estimation of the internal (or guest-
accessible) volumes of our molecules [3](BF4)4 and [4](BF4)4. For hosts with 




very large portals, Stoddart found that the affinity between the host and the 
PAHs guest followed and approximately linear trend of increasing logKa 
values with increasing number of -electrons in the guests.
[83, 90]
 As the PAH 
-electronrichness increases, the - binding between host and guest 
becomes more effective, and the association constant increases. This 
situation is also observed for the affinity trends shown by [3](BF4)4, although 
in our case we found a best trend for the representation of the association 
constants against the number of guest -electrons, as shown by the plot 
shown in Figure 4a. An excellent linearity is followed by guests in the range 
of 10-18 -electrons, except for the case of phenanthrene, which probably 
deviates from the optimum face-to-face - overlap with [3](BF4)4. These 
PAHs have the suitable size to fit within the gap of the host. Perylene, with 
20 -electrons and a larger size than pyrene and triphenylene, exceeds the 
optimum volume to fit within the cavity of the host, so in this case the 
favorable - stacking interactions may be accompanied by an unfavorable 
steric strain which turns into a reduced binding constant. The overall picture 
is that [3](BF4)4 behaves as an excellent host for the selective recognition of 
the smaller PAHs, with a higher affinity to the four-fused PAHs, 
triphenylene and pyrene. This selectivity is determined by the 
stereoelectronic nature of the PAHs, which establish clear electronic and size 
cutoffs. In a similar line, the plot of the maximum chemical shift differences 
of the protons of the pyrene core and the pyrazine ligand of host [3](BF4)4 
reflects a similar trend (Figure 4b), although in this case the chemical shift 
differences found for the two 14e PAHs (phenanthrene and anthracene) are 
almost identical. In the case of perylene, the experimental value obtained is 
lower than the value estimated by regression analysis program (red dots in 




Figure 4b), because for this guest the NMR titration did not allow reaching 
to the point for which a saturation of the NMR signals is achieved. 
Figure 4. (a) Plot of the association constants (Ka) in acetone-d6 between [3](BF4)4 and the 
number of -electrons of the six PAHs used in this study (the straight line is just to guide the 
eye). (b) Maximum chemical shift differences (experimental) plotted against the number of 
electrons present in the different PAHs. The values in red represent the estimated maximum 
chemical shift difference, as obtained from the non-linear regression fitting. 




Overall, the plot illustrates the combined effect of the binding affinities 
together with the shielding/deshielding effect of the PAH guests. 
In the same direction, the 1H NMR titrations carried out with coronene as 
guest, did not show any signal shifting, thus we assumed that our hosts do 
not show any binding affinity with coronene due to its larger size, which 
exceeds the hollow space of both hosts. Similarly, the titrations using 
benzene as guest, demonstrated that the affinity of our two metalla-
rectangles to bind benzene is negligible. These findings illustrate the great 
selectivity of our rectangles to bind only to lower weight PAHs.  
Single crystals suitable for X-ray analysis of [4](BF4)4(pyrene)2 were 
obtained by slow evaporation of a solution of the aggregate in acetone. The 
molecule crystallized in a triclinic P-1 space group. The metalla-rectangle is 
composed by two dinuclear [Ni2Cp2(-pyrene-di-imidazolylidene)]
2+
 clips 
connected by two 4,4‘-bipyridine ligands (Figure 5). 
The Ni-Ni distances are 12.941 and 10.876 Å through the pyrene-di-NHC 
and the 4,4’-bipyridine bridging ligands, respectively. The N-Ni-C angles are 
significantly larger than 90º, and the two parallel pyrene-di-NHC ligands are 
slightly displaced relative to each other. The metalla-rectangle contains two 
parallel-displaced molecules of pyrene, which are separated from each other 
by 3.682 Å. The plane formed by the pyrene molecules and the pyrene-core 
of the di-NHC ligand is 6.21º, and the average distance between these two 
fragments is 3.79 Å. These parameters indicate that an effective - stacking 
interaction is established both between the pyrene guest molecules, and 
between the pyrene guests and the pyrene core of the di-NHC ligand. The 
longest axis of the pyrene molecules are disposed at an angle of 29.71º with 
respect to the axis formed by the two nickel centers linked by the di-NHC 
ligand, thus the pyrene molecules avoid the sterically strained situation that a 




parallel disposition should provide.  
Figure 5.  Two perspectives of the molecular structure of complex [4](BF4)4(pyrene)2. 
Ellipsoids at 50 % of probability. Hydrogen atoms, solvent (acetone) and counter-anions 
(BF4
-
) omitted for clarity. The molecules of pyrene are represented with the space-filling 
diagrams, and the n-butyl and t-butyl grups of [4](BF4)4 in the wireframe form. Selected 
bond distances (Å) and angles (º): Ni(1A)-C(1A) 1.905(4), Ni(1A)-N(3A) 1.908(3), Ni(1B)-
C(1B) 1.892(4), Ni(1B)-N(3B) 1.897(3), C(1A)-Ni(1A)-N(3A) 97.88(15), C(1B)-Ni(1B)-
N(3B) 94.46(16). 
Finally, we tested if [3](BF4)4 as a PAH-scavenger. For this, we dissolved 
1.1 x 10
-3
 mmols of the PAH in heptane (0,4 mL), together with anisole as a 
nonbinding standard. For the experiment performed with pyrene, the 
irradiation of the solution with an UV lamp (365 nm) generates a strong blue 
emission due to the presence of the fluorescent PAH. Then [3](BF4)4 (1.3 x 
10
-3
 mmols) was added to the solution, and the suspension was sonicated 
during 3h. The UV irradiation of the resulting suspension showed that the 
emission disappeared, thus indicating that pyrene has been extracted from 
the heptane solution (Figure 6) by forming the insoluble inclusion complex 
[3](BF4)4pyene. 








Figure 6. Samples irradiated with UV light (365 nm). Both tubes contain 1.1 x 10
-3
 mmol of 
pyrene in 0.4 mL of heptane. The tube on the left also contains 1.3 x 10
-3
 mmol of [3](BF4), 
and the picture was taken after 1h of sonication. The image shows how the addition of 
[3](BF4) quenches the emission of pyrene. 
In order to quantify the removal of pyrene, the solid was filtered off, and the 
filtrate solution was examined by 
1
H NMR spectroscopy. The analysis 
indicated that pyrene was quasi-quantitatively removed from the original 
heptane solution (> 90% removed, Figure 7). 
 
In the case of the experiment carried out with [3](BF4)4 and naphtalene, the 
analysis of the solution after being sonicated for three hours indicated that 
less than 10% of naphthalene remained in the heptane solution, thus this 
smaller PAH was extracted in a similar extent as pyrene. In order to compare 
the extracting abilities of this scavenger, to the latter suspension containing 
[3](BF4)4naphtalene further pyrene (1.1 x 10
-3
 mmols) was added, and the 
suspension was subjected to sonication for another three hours. The NMR 
analysis of the resulting solution indicated that naphthalene was released as a 
consequence of the replacement of naphthalene by pyrene inside the 
scavenger (Figure 8). 
 
 





Figure 7. Selected region of the 
1
H NMR spectra (CDCl3, 400 MHz) of the samples 
prepared for the analysis of the scavenging properties of [3](BF4). a) 
1
H NMR spectrum of 
the sample before addition of [3](BF4). b) 
1
H NMR spectrum of the sample after addition of 
[3](BF4) and after 3h of sonication. The numbers below both spectra indicate the integrals of 
the reference signals of pyrene. The flux diagram indicates the experimental procedure. 
 





Figure 8. Competitive experiment of extraction of naphthalene and pyrene. a) 
1
H NMR 
spectrum of the sample containing naphthalene before addition of [3](BF4). b) 
1
H NMR 
spectrum of the sample after addition of [3](BF4) and after 3h of sonication. c) 
1
H NMR 
spectrum of the sample after addition of pyrene and after 3h of sonication. All experiments 
at room temperature. The sequence of images show how [3](BF4) scavenges naphthalene 
from the solution, and then how pyrene replaces naphthalene from the inclusion complex 
formed. 
This competing experiment indicates that, in accordance with the affinity 
studies performed by 
1
H NMR titrations, [3](BF4)4 shows higher affinity by 
pyrene also under these experimental conditions. 





In summary, we prepared two new nickel-cornered supramolecular 
coordination rectangles using a pyrene-bis-NHC ligand. The dimension of 
one of the sides of the rectangle was modulated by using pyrazine or 4,4´-
bipyridine. The two rectangles were used as receptors for the recognition of 
seven, potentially harmful, polycyclic aromatic hydrocarbons, where the 
rectangle with pyrazine formed 1:1 stoichiometric inclusion complexes, and 
the one with bipyridine was capable to host up to two guest molecules. The 
binding constants were determined by means of 
1
H NMR titration in 
acetone-d
6
, and higher affinities were found for the smaller PAHs, with the 
highest binding constants given by the inclusion complexes with pyrene and 
triphenylene, probably as consequence of their best dimensional matching. A 
good fit between the size of the PAH and the binding constant could be 
established by correlating the number of electrons of the guest with their 
association constants. 
An important achievement of our work is that we were able to use both 
rectangles as effective PAH scavengers in heptane. The PAH is trapped 
inside the receptor, and its disappearance from the solution can be detected 
by simply irradiating the solution with a UV lamp (in the case of pyrene), 
and quantified by 
1
H NMR spectroscopy. Considering the harmful effects of 
many of the smaller PAHs on the environment, we believe that these 
findings may have important implications for providing effective ways for 
the extraction of PAHs from apolar organic solvents. The introduction of 
metal centers in the design of molecular receptors may provide some 
benefits compared to the use of the more widely used organic-based 
receptors, because coordination chemistry often provides predictable and  
 




well-defined structures for facilitating tailor-designed metallacycles for the 
dimensional matching of PAHs. In our case, the introduction of nickel in the 
structure of the receptor introduces further benefits, first because this metal 
is inexpensive compared to the most widely used metal cages that use noble 
transition metals, and second because nickel centers in organometallic 
complexes often behave as a reversible redox centers, thus the affinity 
properties of the molecule may be potentially modulated electrochemically. 
This, together with the existing number of rigid di- and tri-NHC ligands that 
now can be found in the literature- which should enlarge the number of 
rectangles with a variety of shapes and sizes- opens a vast research field that 
hopefully inspires the work of future researchers in the area of metal-based 
PAH-receptors and scavengers. 
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The development of three dimensional supramolecular coordination 
complexes (SCCs) with cavities suitable for guest binding is of great interest 
because these materials are useful in a large number of applications. Herein, 
we describe a nickel-conjoined organometallic molecular prism, which has 
been fully characterized. The X-ray diffraction structure of the molecule 
reveals that the cage possesses an internal cavity with a volume of 1028 Å
3
, 
thus suitable for the encapsulation of large 3D-molecules, such as fullerenes. 






This cage shows highly selective complexation of C70 over C60, thus being 
potentially useful for fullerene separation and purification. The combined 
experimental and computational studies suggest that the complexation 
process is largely entropically-driven, and DFT calculations suggest that the 
cage is flexible and can adapt the size and the shape of the cavity to 
maximize the face-to-face interaction with the fullerenes. 
Introduction 
The rich coordination chemistry of transition metals and the availability of a 
large number of organic ligands have provided access to many two- and 





 for stabilizing highly reactive 
species,
[11]
 and as drug delivery/release vectors.
[12-19]
 Of particular interest 
are supramolecular coordination complexes (SCCs) with well-defined 
cavities suitable for guest binding,
[20-25]
 the host-guest chemistry arguably 
being the most important feature of SCCs, from which most applications can 
be derived. In particular, the selective encapsulation of large aromatic 
compounds, such as fullerenes
[26-34]
 and polycyclic aromatic hydrocarbons 
(PAHs)
[35-43]
 is of increasing interest since it may provide practical solutions 
for the purification of molecules which otherwise would be very difficult to 
separate due to their similar physicochemical properties. 
While most of the known metallosupramolecular structures are Werner-type 
coordination complexes, in the last five years a number of organometallic 
supramolecular architectures have emerged, most of them based on the use 
of N-heterocyclic carbenes (NHCs).
[44]
 However, due to the scarcity of 
ligands of the appropriate sizes, most known organometallic 






metallosupramolecules are too small to host organic molecules, and this 
explains why organometallic host-guest chemistry is rare. Advancing 
organometallic host-guest chemistry is possible through the development of 
poly-NHC ligands that mimic the supramolecular architectures facilitated by 
Werner-type ligands, thus allowing the preparation of arguably more stable 
organometallic assemblies supported by the strong NHC-M bonds. By 
designing a series of NHC ligands decorated with rigid polyaromatic 
functionalities,
[45-50]
 we recently gained access to a number of organometallic 
supramolecular complexes, which we used for the recognition of different 
organic molecules
[31, 43, 51, 52]
 and metal cations.
[53]
 In one of our approaches, 
we formed two nickel-cornered molecular rectangles using a pyrene-bis-




Scheme 1. Nickel-conjoined molecular rectangles 
 
The two-dimensional complexes B and C resemble the previously reported 
molecular rectangle A, described by Hahn and co-workers in 2008.
[54]
 
However, while A was unsuitable even for the recognition of the smaller 
PAHs due to the relatively short separation provided by the 
benzoimidazolylidene ligand (10.4 Å), B and C served as effective receptors 






and scavengers of a range of polyaromatic molecules, due to the longer 
separation provided by the pyrene-bisimidazolylidene ligand (13 Å), and due 
to the effective steric and electronic complementarity. We recently became 
interested in obtaining a three-dimensional molecular cage based on the 
same organometallic supramolecular motif as the one used in B and C. We 
envisaged that, if B and C were able to effectively encapsulate two-
dimensional organic molecules by multiple synergistic aromatic interactions, 
a related three-dimensional cage should be able to recognize 3-D organic 
molecules, such as fullerenes. Additionally, we hypothesized that a relatively 
rigid organometallic supramolecular cage should render size-dependent 
selective complexation of fullerenes. Finding systems for the selective 
encapsulation of fullerenes,
[27]
 and especially finding receptors for the 
selective complexation of C70 over C60,
[55-57]
 is a challenging field of 
research that continuous to gain interest. In this communication, we describe 
the preparation of a three-dimensional nickel-cornered trigonal prism 
constituted by pyrene-di-imidazolylidene and 1,3,5-tripyridyl-triazine (TPT) 
ligands. This cage shows highly selective complexation of C70 over C60. 
 
Results and Discussion 
The reaction of the bis-nickel-pyrene-di-imidazolylidene complex 1 with 
TPT and two equivalents of AgBF4 in dichloromethane afforded the air-
stable metallocage 2 as a red solid, in 60% yield after purification (Scheme 
2). The hexametallic complex 2 was characterized by NMR spectroscopy, 
mass spectrometry and elemental analysis. The correct stoichiometry of the 






cage was confirmed by ESI-TOF-MS, which showed peaks at m/z 1161.2 




, respectively.  
Scheme 2. Synthesis of metallocage 2 
The formation of a single assembly was further confirmed by Diffusion-
ordered NMR spectroscopy (DOSY), which revealed that all the proton 







 (see SI for details). By using the Stokes-Einstein equation, this 
coefficient provides an estimated hydrodynamic radius of 6.2 Å, in a good 
agreement with the expected radius of 2 based on the known size of the bis-
NHC and TPT ligands. The molecular structure of 2 was determined by X-
ray diffraction (Figure 1). The molecule contains six nickel atoms connected 
R = nBu, R’ = tBu






by two TPT ligands and three pyrene-di-imidazolylidenes, thus forming a 
trigonal prism with pseudo-D3h symmetry.  
Figure 1. X-Ray molecular structure of 2. The counter-anions (6BF4
-
) and solvent 
(dichloroethane) are omitted for clarity. 
The central pyrene fragments of the bis-NHC ligands are bent along the 
corresponding Ni-Ni axis, resulting in a convex curvature with respect to the 
inner cavity of the cage. The same pyrene fragments also show a concave 
curvature along the axis defined by the corresponding tert-butyl groups. 
These two distortions make the trigonal prism look as if tied around by an 
imaginary belt, as reflected by the average distance between the centroid of 
the cage and the two central carbons of the pyrenes (6.89 Å), and the average 
distance between the centroid of the TPT ligand and the nickel atoms (7.43 
Å). The average Ni-Ni through-space distance across the bis-NHC ligand is 
12.93 Å, that is practically the same as the average Ni-Ni distance along the 






triangular face of the prism, 12.86 Å. The effective size of the central 
cavity
[58]
 is 1028 Å
3
. 
Considering the size of the internal cavity of 2 and the polyaromatic nature 
of its surface, we envisioned that this molecule might be a good system for 
studying supramolecular binding of fullerenes. We first performed an 
experiment that involved dissolving 2 in acetone-d6 in the presence of a 
suspension of C60 in an NMR tube. The product mixture was sonicated at 
room temperature, and changes in the sample were followed by 
1
H NMR 
spectroscopy. In this experiment we took advantage of the high solubility of 
2 in acetone, the solvent where C60 is practically insoluble, so that the 
fullerene could become NMR-observable only if captured by the 
metallocage. As can be seen from the spectra presented in Figure 2, we 
initially observed the 
1
H NMR spectrum of the empty molecular cage 2. 
 
 
Figure 2. The aromatic region of 
1
H NMR spectra of a mixture of 2 with C60 in acetone-d6. 
The spectra were recorded immediately after mixing, and 1 and 8 h later). 






After 1 h, a new species appeared in the spectrum, attributed to the formation 
of a host-guest complex C60@2. The signal due to the protons of the pyrene-
connecting group of the di-NHC ligand is upfield shifted with respect to the 
related signal of the empty cage. In addition, the signals due to the protons of 
the TPT ligand are downfield shifted with respect to the corresponding 
resonances of 2. These observations are consistent with the fullerene being 
accommodated inside the cavity of 2 and interacting via -stacking with the 
internal polyaromatic surface of the cage. The spectrum recorded after 8 h of 
reaction showed only the signals due to the C60@2 adduct, therefore 
indicating that the conversion was complete. A similar experiment was 
carried out using C70 and provided similar results, affording clear evidence 
of formation of a C70@2 complex (see ESI for details). These experiments 
allowed us to isolate C60@2 and C70@2, by simply filtering off the 
remaining insoluble fullerenes, followed by solvent evaporation. The 
13
C 
NMR spectra of the isolated C60@2 and C70@2 in acetone-d6 displayed the 
characteristic signals due to the carbons of the fullerenes (see ESI for full 
details).  
For the determination of the binding constants we found that a mixture of 
acetone/dichlorobenzene (1:4) provided the best solubilities for both the host 
and the guests. By using this solvent mixture, we observed that exchange of 
the free and bound host signals was slow on the NMR timescale, so 
integration of the distinct signals of free 2 and the complexes fullerene@2 
was used to calculate the equilibrium constants. This way, we obtained the 






, for the encapsulation of C60 
and C70 at room temperature, respectively. This result indicates a preferred 
complexation of C70 over C60 of about one order of magnitude. The constants 
obtained are very large, especially considering that they were obtained using 






a mixture of solvents containing 80% dichlorobenzene, a good solvent for 
fullerenes for which lower association constants are often observed.
[59]
  
By recording variable-temperature 
1
H NMR spectra, we obtained a series of 
binding constants that allowed us to determine the association enthalpies and 
entropies from the related Van’t Hoff plots (Figure 3).  
 
Figure 3. Plots of lnK vs. 1/T. The plots were built by using the binding constants obtained 
from the 
1
H NMR spectra taken at different temperatures, from equimolar solutions (0.3 
mM) of 2 and fullerene in acetone-d6:dichlorobenzene-d4 1:4. Error bands assume 
uncertainties of 10% (C60) and 20% (C70) in binding constant values. 
The thermodynamic values obtained for the association of C60 were H = 3.1 
kcal/mol and S = 27 cal/molK. For C70, the values were H = 3.8 kcal/mol 






and S = 34 cal/molK. It is worth noting that the thermodynamic values 
obtained for the C70 case are affected by a higher error than those obtained 
for the C60 case, due to the difficulties observed for the determination of the 
constants at the lower temperatures, because the overlapping of the signals 
forced us to estimate the constants by deconvolution. With these data in 
hand, we concluded that the low enthalpies and relatively large entropies 
observed indicate that the encapsulation of fullerenes by 2 is assisted by the 
intrinsic entropic contribution (-TS), to afford negative free energy 
changes. Thus, the complexation is entropically favored by desolvation of 
the host and the guest. The complexation of C70 shows a greater value of S 
due to the larger number of solvent molecules bound to C70 relative to C60, as 
a consequence of the larger molecular surface of the former. The 
endothermicity of the associations is explained by the large solvation 
enthalpies of the host and guest. E.g., experimental solvation energies of -




Given the greater effective affinity of the metallocage 2 for C70 over C60, we 
designed two competitive experiments aiming to provide practical 
experimental procedures for the separation of these two types of fullerenes. 
In the first experiment (Figure 4a), we suspended an equimolar mixture of 
C60 and C70 in acetone-d6, and added one equivalent of 2; then the mixture 
was sonicated for 6 h. The analysis of the solution by 
13
C NMR and mass 
spectrometry indicated that only C70 was trapped by 2. The suspension was 
filtered off, and the black solid was redissolved in dichlorobenzene-d4. The 
13
C NMR of this sample confirmed the presence of the remaining pure C60 in 
this solution. In the second experiment (Figure 4b), a suspension of C60 and 
an equivalent amount of 2 were sonicated in acetone-d6 until quantitative 






encapsulation of the fullerene. The presence of C60 inside the cavity of 2 was 
confirmed by 
13
C NMR spectroscopy and mass spectrometry. Then, one 
equivalent of C70 was added to the mixture, and the suspension was 
sonicated for 6 h. The analysis of the resulting solution indicated that C70 had 
replaced C60 in the interior of the cavity, while the analysis of the solid 
confirmed the release of C60. 
Figure 4. Schematic representation of competitive experiments, together with the 
characterization data of the resulting host:guest complexes formed. 
These two simple experiments illustrate how the metallocage 2 can be used 
as a convenient molecular receptor for selective fullerene binding and 
release, and thus practical applications for the purification of fullerenes may 
be envisaged.  We performed DFT (M06-L/Def2SVP in o-dichlorobenzene 
solvent continuum) and semi-empirical (PM7) studies (see SI for details) to 
obtain more information about the geometries and binding energies of the 
complexes produced by the encapsulation of C60 and C70 in 2 (Figure 5). 






According to the DFT calculations, the cage of C70@2 retains the 
approximate D3h symmetric shape of 2, and the hexametallic prism of the 
calculated structure does not reveal significant structural distortions 
compared to the experimental structure of Figure 1. These observations are 
also confirmed by the effective volume of the cage of C70@2 (880 Å
3
), 
which is slightly smaller compared to that in the empty 2 (vide supra).  
 
Figure 5. DFT-optimized structures of C60@2 (left) and C70@2 (right). 
The optimized geometry of C60@2 reveals how the hexanickel molecular 
prism can adapt its shape to wrap around the smaller molecule of C60 by 
twisting the structure about the z axis, thus yielding a molecular shape of the 
pseudo D3d symmetry. This deformation of the cage closes the distance 
between the top and bottom TPT ligands and allows a tighter interaction 
between the surface of the fullerene and the polyaromatic walls of the cage. 
The twisting of the cage results in a very significant shrinkage of the 
effective volume, from 1028 Å
3











The computational study provided data allowing to calculate the enthalpy 
and Gibbs energy of the substitution reaction: C60@2 + C70 → C70@2 + C60, 
ΔH = -3.8 and ΔG = -6.0 kcal/mol at 298 K, in o-dichlorobenzene. The 




 is the same as the 
difference between the experimental encapsulation entropies of C60 and C70, 




, although the excellent agreement is probably fortuitous. 
We note, however, that the calculated encapsulation enthalpy of C70 suggests 
a more favorable process than that of C60, whereas the experimental 
encapsulation enthalpies are practically the same for both fullerenes. The ΔH 
values are relatively small; thus, they can be influenced by both 
computational and experimental errors. Nevertheless, proposing that the 






















In summary, we prepared a NHC-based molecular prism that acts as a 
selective receptor for C70 over C60, and facilitates the selective binding of the 
former from a mixture of the two. We also proved that the cage shows 
fullerene binding and release properties, with potential applications in the 
purification of mixtures of fullerenes. As suggested by the DFT studies, the 
supramolecular cage is able to modulate the size of the cavity for adapting to 
the shape of the fullerene guest, thus it can be considered as a ‘breathable’ 
structure. Our work also demonstrates how NHC ligands can provide a 
competitive alternative to the classical Werner-type ligands in the design of 
supramolecular coordination cages for host-guest chemistry purposes. 
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A palladium-conjoined molecular square obtained by using a pyrene-bis-
imidazolylidene ligand is described. This “three-dimensional” metallo-
polygon is suitable for the encapsulation of C60 and C70. The X-ray 






diffraction structures of the empty and complexed cage with both fullerenes 
are described. The encapsulation of the fullerenes produces perturbations in 
the structural parameters of the metallo-square, showing that it can adapt the 
shape of its cavity to the size of each fullerene. 
Communication 
Over the last three decades, coordination self-assembly evolved as the most 
effective strategy for the rational construction of discrete supramolecular 
coordination complexes (SSCs).
[1-10]
  The directional bonding approach 
allows that the outcome of the self-assembly process is guided by the 
information provided by the building units (coordination angles, number of 
coordination sites, shape and length of connecting ligands), so that the 
outcome of the self-assembly process can be predicted with a high level of 
certainty. Arguably, the presence of cavities with well-defined sizes and 
shapes able to encapsulate selected substrates is the most important property 
of a self-assembled structure, because most of the properties that can derive 
in applications are directly related to the host-guest chemistry of the 
supramolecular assembly.
[6, 10-15]
 It should be noted that this field of research 
is dominated by Werner-type coordination complexes, wherein the 
supramolecular assemblies are connected via oxygen or nitrogen donors 
from multidentate ligands, with very few organometallic-based carbon donor 




We were recently interested in preparing organometallic hosts based on N-
heterocyclic carbene ligands (NHC) for the selective recognition of organic 
substrates. In particular, by combining a pyrene-bisimidazolylidene and di-
pyiridine ligands, we obtained a series of nickel-cornered molecular 






rectangles that served as receptors and scavengers of a series of polycyclic 
aromatic hydrocarbons (PAHs).
[18]
 More recently, by using the same bis-
NHC and a tris-pyridyl ligand, we prepared a hexa-nickel three- dimensional 
cage that acted as a selective receptor for C70 over C60, and even facilitated 
the separation of the former from a mixture of the two.
[19]
 Related to this 
type of research, in a recent contribution Hahn and co-workers described two 
Ir- and Pd-based metallo-squares
[20]
 using a benzo-bis-imidazolylidene 
ligand.
[21-23]
 Despite the structural interest of these two tetrametallic 
architectures, the dimensions of these structures (side length ≈ 10 Å) made 
them unsuitable for the encapsulation of most common organic substrates, 
due to the small void volume of the internal cavity. Because we thought that 
metallo-squares based on (only) N-heterocyclic carbene bridging ligands 
should render highly stable supramolecular architectures, with very well-
defined internal cavities, we pursued to obtain a similar type of molecule but 
using a longer pyrene-imidazolylidene ligand (13 Å).
[24]
 This should 
facilitate the preparation of a metallo-supramolecular architecture with a 
larger cavity, therefore able to trap organic guest molecules. By following 
this idea, herein we describe the preparation of a palladium-cornered 
metallo-square for the encapsulation of fullerenes C60 and C70.  
The reaction between the pyrene-bisimidazolium salt, 1, and [Pd(allyl)Cl]2 in 
acetonitrile in the presence of AgBF4 and Cs2CO3, afforded the air-stable 
palladium-cornered metallo-square 2 in 50% yield after purification (Scheme 
1). The complex was characterized by NMR spectroscopy, mass 
spectrometry and elemental analysis. The tetrametallic nature of the 
supramolecular assembly was confirmed by ESI-TOF-MS measurements, 





, respectively. The diffusion-ordered NMR spectroscopy (DOSY), 






showed that all proton resonances display the same diffusion coefficient in 




, see SI for details), indicating the 
presence of a single assembly. 
Scheme 1. Preparation of metallo-square 2 
Although complex 2 may be described as a metallo-square, the flat 
polyaromatic surface of the four pyrene moieties generates a “three-
dimensional”, rather than a “two-dimensional” macrocyclic cubic box. Given 
the large size of the internal cavity, we envisioned that complex 2 could be a 
suitable receptor for large 3-dimensional guests, such as fullerenes C60 and 
C70. Besides, the flexibility of the torsional angles about the Pd-CNHC bond, 
should facilitate that the open window is modulated for facilitating the 
encapsulation of these guest molecules, whose van der Waals diameters are 
in the 10.1-11.0 Å range.  
The encapsulation of fullerenes can be performed by dissolving 2 in CD3CN, 
in the presence of a suspension of C60 (or C70), in an NMR tube. Then the 
mixture is sonicated, and the formation of the host:guest adducts may be 








H NMR spectroscopy. As can be observed form the series of 
spectra shown in Figure 1, after one hour of sonication in the presence of 
C60, the 
1
H NMR spectrum shows the appearance of new signals which are  
attributed to the formation of the C60@2 host:guest complex. 
 
Figure 1. Selected region of the 
1
H NMR spectra of a mixture of 2 with C60 in CD3CN. The 
spectra were recorded immediately after mixing, and after 1 and 8 hours. 
The signals due to the protons of the pyrene moiety are slightly downfield 
shifted, and the two singlets observed for 2 give rise to two well-resolved 
doublets (clearly observed after 8h of sonication). The signal due to one of 
the diasterotopic protons of the N-CH2 groups from the n-butyls is slightly 
downfield shifted. Finally, one of the doublets due to the protons of the allyl 
group is shifted upfield by 0.05 ppm, with respect to the same resonance in 
2. The spectrum recorded after 8h showed only the signals due to C60@2, 
therefore indicating that the reaction was complete. The experiment 
performed using C70 afforded similar results, indicating the formation of the 






C70@2 complex (see SI for more details). These experiments allowed the 
isolation and full characterization of C60@2 and C70@2. The 
13
C NMR 
spectrum of C60@2 displayed the signal due to the sixty equivalent carbons 
of the encapsulated fullerene at 141.1 ppm, while the spectrum of C70@2 
showed four resonances due to C70. At this point, it is important to mention 
that both fullerenes are completely insoluble in CD3CN, so the NMR-
observable signals are a clear indication of their encapsulation in the 
metallo-square. The mass spectra of the solutions containing C60@2 and 











For the determination of the association constants we took advantage that the 
exchange between the host and the host:guest complexes was slow on the 
1
H 
NMR timescale, so that the constants could be determined by simply 
integrating the signals associated to each of the species present in solution. 
We found that a mixture of acetonitrile:o-dichlorobenzene (1:4) provided the 
best solubilities for both, the metallo-square and the fullerenes.  
The constants were calculated at different 2/fullerene ratios, and at different 
temperatures, by using the integration of the signals due to the terminal 
protons of the allyl groups, which were the ones to show the best conditions 
for an accurate integration. By doing this, the constants that we obtained at 








, for the formation of 
C60@2 and C70@2, respectively. The determination of the equilibrium 
constants at different temperatures allowed us determining the 
thermodynamic parameters by using corresponding Van’t Hoff plots (Figure 
2).  







Figure 2. Plots of lnK vs. 1/T. The plots were built by using the binding constants obtained 
from the 
1
H NMR spectra taken at different temperatures, from equimolar solutions (0.3 
mM) of 2 and fullerene in CD3CN:o-dichlorobenzene-d4 1:4. Error bands assume 
uncertainties of 10% in binding constant values. 
The thermodynamic values found for the encapsulation of C60 were H = 1.7 
kcal/mol and S = 22 cal/molK. For the encapsulation of C70, the values 
obtained were H = 3.9 kcal/mol and S = 34 cal/molK. The small and 
positive values of the association enthalpies can be explained due to the large 
solvation enthalpies of the fullerenes in o-dichlorobenzene (the reported 
experimental solvation enthalpies in o-dichlorobenzene are -30.5 and -35.3 
kcal/mol for C60 and C70, The large and positive entropy values indicate that 






the process is entropically driven. The larger entropy value found for the 
encapsulation of C70 is due to its larger surface area, which leads to the 
presence of a greater number of solvent molecules bound compared to C60. It 
is important to mention that these thermodynamic parameters are almost 
identical to the ones that we obtained in a previous work in which we used a 
nickel-cornered trigonal prismatic supramolecular assembly for the 
encapsulation of the two same fullerene guests.
[19]
 This may indicate that the 
electronic nature of the box has a minor importance, since the encapsulation 
of the three-dimensional guests is dominated by desolvation, rather than to 
intrinsic interactions between the electron-deficient fullerenes and the 
electron-rich faces of the pyrene moieties of the metallo-square. 
Given the higher affinity of 2 for the encapsulation of C70, we designed a 
competing experiment in which we dissolved the metallo-square in 
acetonitrile and added an equimolecular mixture of C60 and C70. Then the 
mixture was sonicated for 2h. The analysis of the solution by 
13
C NMR and 
mass spectrometry indicated that only C70 was encapsulated in 2. 
The molecular structures of 2, C60@2, and C70@2 were unambiguously 
confirmed by means of single crystal X-ray diffraction studies (Figure 3). 
The comparison of these three structures provides an excellent opportunity 
for demonstrating experimentally the important structural perturbations 
produced by the encapsulation of the fullerene guests inside the cavity of the  
Pd4 metallo-square. The molecular structure of 2 consists of a square-shaped 
molecule containing four palladium atoms connected by four pyrene-di-
imidazolylidene ligands (Figure 3, left). The coordination sphere about each 
palladium atom is completed by one allyl ligand. The average distance 
between the palladium atoms is 13.25 Å. The planes formed by the opposite 
panels formed by the pyrene-di-NHC ligands of the cage are disposed at an 






average angle of 28.25º. This makes that the quaternary carbons of the tert-
butyl groups at opposite pyrene moieties are separated by two closer 
distances at 9.99 and 11.31 Å, and two longer ones at 14.94 and 15.34 Å 
(only two of these distances are displayed in Figure 3). These measures are 
important, because they define the limits of the “open window” of the box.  
 
 
Figure 3. X-ray diffraction structures of 2 (left), C60@2 (middle), and C70@2 (right), 
showing some selected dimensions. Hydrogen atoms, counteranions (BF4
-
) and solvent 
molecules have been omitted for clarity. Two molecules of C70 (0.5 occupancy each) are 
shown in the structure of C70@2. 
 
The molecular structure of C60@2 (Figure 3, middle) shows a molecule of 
C60 trapped inside the cavity of the Pd4 metallo-square. All four pyrene 
moieties of the pyrene-di-imidazolylidene ligands are curved, adapting their 
shapes for a maximum face-to-face interaction with the surface of the 
fullerene. The metallo-square is twisted, and therefore slightly compressed, 






in order to adapt its size to the size of C60 (see side-on view of the structure). 
This is reflected by the slight shortening of the distances between the central 
points of opposite pyrene moieties (13.20 Å in C60@2; 13.39 Å in 2), and by 
the torsion angles formed by the two Pd-Pd axis [defined by the Pd(1)-Pd(2)-
Pd(3)-Pd(4) dihedral angles], which is 10.6º for 2 and 21.7º for C60@2. The 
molecular structure of C70@2 (Figure 3, right), shows that the encapsulation 
of the molecule of C70 produces an expansion of the  structure of  the  
metallosquare, which  looks  as ‘inflated’, compared to the structures of the 
cage in 2 and in C60@2. This is reflected by a significant bending of the 
pyrene moieties, which renders expanded distances of 13.67 and 14.28 Å at 
the central part of the pyrene fragments. Interestingly, two out of the four N-
nbutyl groups at each pyrene-bis-imidazolylidene ligand are wrapped around 
the C70 molecule, very likely contributing to enhance the encapsulating 
abilities of the Pd4 cage.  
The determination of the guest-available volume of the cavity of 2, C60@2 
and C70@2 (710, 650 and 696 Å
3
, respectively, after removing the molecules 
of C60 and C70), shows that there is an important shrinkage (8.5%) of the 
volume of the molecule from 2 to C60@2 (see ESI for details regarding the 
calculation of the cavity volumes).
[25]
 Examples of guest-induced size-
adaptable metallocages have been reported previously.
[26-28]
 
In summary, we obtained and characterized a NHC-based palladium-
cornered metallo-square by using the metal-directed self-assembly strategy. 
Our organometallic metallo-square is significantly different compared to the 
most widely used supramolecular assemblies for the encapsulation of 
fullerenes, which are dominated by structures with Werner-type porphyrin-
containing ligands,
[29-32]
 or structures with curved conjugated networks.
[33, 34]
  
This observation is not trivial, because the presence of the four bis-






imidazolylidene bridging ligands in our host provides a greater stability to 
the structure, which remains intact in solution for days without any sign of 
decomposition. The ‘cubic’ cage possesses a cavity that makes it suitable for 
the encapsulation of fullerenes C60 and C70. The cage molecule exhibits 
higher affinity towards the larger fullerene over the smaller one, an 
observation that allowed designing a simple experiment for the selective 
extraction of C70 from a mixture of C60/C70. The metallo-square is size-
flexible, and therefore able to adapt its shape to the size of the encapsulated 
fullerene. This is achieved by compressing or expanding the structure and by 
bending the pyrene moieties in order to maximize the face-to-face overlap 
with the convex surface of the fullerenes. This bending of the pyrene moiety 
is counterintuitive, because pyrene and other polyaromatic hydrocabons are 
traditionally considered as rigid flat structures, so our observations may be 
used for future applications in the design of surface-adaptable 
supramolecular receptors. 
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Singlet oxygen has won recently a great deal of attention due to its strong 
oxidizing properties, which makes it useful in organic synthesis and 
biological studies. However, the photosensitizers that are required for singlet 
oxygen generation remain inadequate due to their often low thermal and 
photochemical stabilities. Here we describe the use of a palladium-conjoined 
metallosquare with encapsulated fullerenes (C60 or C70), which behaves as an 
efficient and photochemically stable singlet oxygen photosensitizer. The 
metallocage with the encapsulated fullerenes is able to oxidize a series of 
cyclic and acyclic alkenes at room temperature via visible light-induced 





singlet oxygen generation, using oxygen molecules in air at atmospheric 
pressure. These reactions take advantage of the excellent spin-converting 
properties of fullerenes, which make them excellent agents for singlet 
oxygen production. 
Introduction 
Singlet oxygen is widely recognized due to its reactivity with alkenes,
[1-5]
 as 
well as its involvement in clinical photodynamic therapy treatment (PDT) of 
tumors.
[6-10]
 Photocatalyzed reactions involving singlet oxygen constitute an 
effective way for compound oxidation,
[11-13]
 and for synthesizing oxygenated 
structures by facilitating carbon-oxygen and heteroatom-oxygen bond 
formation
[14-17]
 with high atom economy and low cost. Singlet O2 (
1
g) is 





 Normally, the photosensitizers are organic dyes that are 
prone to photoinduced or enzymatic degradation, therefore with limited 
applicability in PDT protocols and in organic synthesis. Searching for highly 
efficient photosensitizers with large absorption coefficients and high 
photochemical stability is currently one of the main challenges for widening 
the applications of single oxygen in organic synthesis and therapeutic 
research. Fullerenes (C60 and C70) have shown to be efficient 
photosensitizers for singlet oxygen generation,
[21, 22]
 but their poor solubility 
in most common solvents makes them unsuitable for an extensive 
applicability. This problem has been addressed by some researchers by 
functionalizing the fullerene core with solubilizing groups,
[23-28]
 a method 
that is hampered by the low product yields obtained and by the need of using 





complicated reaction procedures. In addition, fullerene-containing systems 
have also been widely used for light-harvesting and energy conversion,
[29-36]
 
because the strong UV/Vis absorption together with the large size and 
symmetrical shape of fullerenes facilitates electron transfer events with 
applications in light-induced processes. This, in part, explains why research 
on fullerene receptors based on non-covalent bonding interactions is gaining 
interest in recent years.
[37-40]
 We recently contributed to the design of a series 
of organometallic-based receptors for the encapsulation of fullerenes by 
using metallosupramolecular structures with di-N-heterocyclic carbene 
(NHC) ligands connected by rigid -conjugated polyaromatic systems.
[41-43]
 
Compared to the most widely used Werner-type metallosupramolecular 
assemblies,
[44-53]
 organometallic-based supramolecular coordination 
complexes supported by N-heterocyclic carbene ligands
[54, 55]
 have the 
advantage of their higher stability, which is arguably attributed to the 
strength of the M-Ccarbene bond.  
In one of our most recent contributions,
[43]
 we described a palladium-
cornered metallosquare supported by a pyrene-di-midazolylidene ligand, 
which showed very high affinities for fullerenes C60 and C70 (Scheme 1). 
 
Scheme 1. Fullerene-containing metallocages used in this study 
 





Given the high solubility (> 10 mM in organic solvents such as CH3CN, 
CH2Cl2, CHCl3, etc.) and stability of this complex and its related host:guest 
adducts with encapsulated fullerenes, we thought that we could take 
advantage of the spin transfer properties of the encapsulated fullerenes for 
finding their applicability in challenging organic transformations.  
In this study we describe the use of the fullerene host:guest complexes 
C60@1 and C70@1, as photosensitizers for the generation of singlet O2, and 
for facilitating carbon-oxygen bond forming reactions with a variety of 
organic substrates. 
 
Results and Discussion 
We first analysed the photophysical properties of 1, C60@1 and C70@1 by 
studying their electronic and emission spectra. The UV-vis spectra of C60@1 
and C70@1 show a weak absorption band beyond 500 nm (see ESI). This 
band (not observed in the UV-vis spectrum of 1) is assigned to S0→Sn 
transitions of the fullerenes. The spectra also show the bands due to the 
absorption of the pyrene moieties of the bridging ligands of the complex, 
between 300 and 360 nm. The photoinduced energy transfer of the host:guest 
complexes was analysed by luminescence studies. Complex 1 alone gives 
intense fluorescence due to the emission of the pyrene fragment, with a 
vibronically-resolved band with a maximum at 405 cm
-1
. This band is 
quenched in C60@1 and C70@1, indicating energy transfer from the host to 
the fullerene. 
The evaluation of the photosensitizing efficiency of C60@1 and C70@1 was 
carried out in acetonitrile, by measuring the phosphorescence emission 





spectra of singlet oxygen generated by the photosensitizer upon irradiation 
with visible light. The near-infra-red (NIR) phosphorescence serves as a 





Photoirradiated samples of C60@1 and C70@1 in aerated acetonitrile, clearly 
showed the NIR 
1
O2 luminescence around 1270 nm upon excitation with 532 
nm laser light (Figure 1). Under the same conditions, the empty cage 1 did 
not produce any measurable phosphorescence. We estimated a 
1
O2 quantum 
yield of  = 0.23 and 0.41, for C60@1 and C70@1, respectively, by 
comparing the integrated areas determined for the samples and Rose Bengal 
used as standard (= 0.71).[56] These  values for the inclusion 
complexes are considerably lower than those reported for C60 and C70 (in 





Figure 1. Near infrared singlet oxygen phosphorescent emission spectra sensitized by Rose 
Bengal (RB), 1, C60@1 and C70@1 (1.25x10
-4
M in CH3CN, ex=532 nm). 
 





A possible explanation for this may be the quenching of 
1
O2 by the complex 
before it can escape the solvent cage, but most likely it is due to reduction of 
the sentitizer-to-oxygen energy transfer efficiency as a consequence of the 
energy-transfer interactions between the fullerenes and the host. It should be 
mentioned that in a pioneer work by Prat and co-workers, a 1:2 
fullerene:cyclodextrin inclusion complex was prepared that was able to 
preserve the ability of C60 for singlet oxygen production, despite the 
efficiency was reduced in about 50% with respect to free C60, an observation 
that the authors attributed to fast energy transfer between the fullerene and 
the host.
[59]
 It is interesting to note that C70 is generally preferred as 
sensitizer over C60, due to its enhanced visible light absorption, as 
consequence of the relaxation in the symmetry from Ih (C60) to D5h (C70) 
point group symmetries. Accordingly, the transitions that are symmetry-
forbidden for C60 are allowed for C70.
[60]
 In the case of C60@1, the 
encapsulation of C60 in the metallo-square may reduce the symmetry of the 
fullerene, therefore increasing the intensity of its low energy absorption 
bands, which, in turn, produces an enhanced photosensitizing character 
compared to free C60.  
Given the efficient production of 
1
O2 by photosensitizers C60@1 and C70@1, 
we decided to study if we could use these two compounds in photocatalytic 
reactions involving the formation of endoperoxides by cycloaddition of 
1
O2 
with dienes. Endoperoxides are often active biological active reagents
[61, 62]
 
that are used as intermediates in a large number of organic 
transformations.
[63]
 In addition, the synthesis of natural products is often 
modeled on possible 
1
O2 biosynthetic routes, thus biomimetic reactions 
singlet oxygen reactions that use alkene and diene precursors are receiving 





increasing interest during the last few years.
[3, 11]
 As a first model reaction, 
we studied the endoperoxidation of anthracene to analyse the potential use of 
our photosensitizers in carbon-oxygen bond forming reactions. At this point 
it is important to mention that there is one very recent example of a 
metallosupramolecular assembly used as photosensitizer for the light-
induced [4+2] cycloaddition of anthracene with singlet oxygen.
[64]
 Although 
this report constitutes the only published example of a 
metallosupramolecular system used for light-induced cycloaddition of 
1
O2, 
the cage showed to be photolabile and eventually decomposed, therefore 
providing very limited applicability. We prepared solutions of 0.5 mM of 
anthracene in deuterated acetonitrile in the presence of different amounts of 
C60@1 and C70@1, and irradiated them at 633 (red) and 512 (green) nm with 
a household RGB LED light (0.07 mW/cm
2
 incident power). The reaction 
could be easily monitored by 
1
H NMR spectroscopy. Only the reaction 
carried out under irradiation of green light showed evolution to the formation 
of 9,10-dihydro-9,10-epidioxyanthracene. The absence of reactivity under 
red light irradiation can be explained due to the negligible absorption of the 
two complexes at this wavelength (see Figure S21 in the SI). Figure 2 shows 
the time-dependent evolution of anthracene conversion. to anthracene 
endoperoxide in the presence of Rose Bengal, C60@1 and C70@1. As can be 
observed, for the reactions carried out with 0.05 mM of the photosensitizers, 
the reaction is faster when C70@1 is used, although C60@1 is also very 
efficient. Under these conditions, the reaction is complete after 65 min when 
C70@1 is used, while the same concentration of C60@1 needs 90 min for 
completing the reaction. Reducing the concentration of the sensitizer results 
in a decrease of the reaction rate, although using 5x10
-4
 mM of C70@1 





(which represents a loading of 0.1 mol% with respect to the amount of 
substrate), still produces full conversion in just 4 hours. Interestingly, the 
activity of the supramolecular sensitizer is maintained constant all over the 
reaction course, therefore illustrating its stability under the reaction 
conditions used. The reaction carried out with Rose Bengal showed a higher 
initial reaction rate, but after 20 min the reaction proceeded slower, probably 
due to partial photobleaching of the dye. 
 
Figure 2. Time-dependent reaction profile of the endoperoxidation of anthracene using Rose 
Bengal, C60@1 and C70@1 as photosensitizers. Reactions performed in aeriated CD3CN 
under irradiation at 512 nm and 0.07 mW/cm
2
 incident power. The reactions were monitored 
by 
1
H NMR spectroscopy. All reactions using initial concentrations of anthracene of 0.5 
mM. 
 
All the reactions proceeded following a pseudo-first order kinetics with 
respect to the substrate. This allowed us to calculate the reaction rates with 
all three sensitizers, and to estimate the singlet oxygen quantum yields of 
C60@1 and C70@1 from Equation 1. In this equation  (RB) is the singlet 





oxygen quantum yield for Rose Bengal (0.71), and W and WRB are the 
reaction rates for the endoperoxidation of anthracene in the presence of the 
fullerene inclusion complex and Rose Bengal, respectively. By this method 
the quantum yields for C60@1 and C70@1 were 0.28 and 0.40, in excellent 
agreement with the values obtained from Figure 1. 
 
The stability of the photosensitizers along the reaction can also be confirmed 
by monitoring the signals due to the protons of the pyrene moiety of the di-
NHC ligand of the metallocage, whose integral remained constant with 
respect to the standard all along the reaction course (see, for example, the 
spectra shown in Figures S4, S7, S10, S11 and S19 in ESI). This stability of 
the complexes under the conditions of the reaction is an obvious advantage 
of these systems compared to the widely used highly conjugated organic 
photosensitizers, such as Rose Bengal or methylene blue,
[9, 65, 66]
 for which 
the production of singlet oxygen destroys conjugation and with it the ability 
to absorb visible light (photobleaching).  
Fullerenes C60 or C70 alone did not produce any anthracene endoperoxide, 
and 1 alone only produced a 2% conversion after 15 hours. This can be 
explained by the lack of absorption of visible light by 1 (see Figure S20), 
and the extremely low solubility of fullerenes in acetonitrile.
[67]
 
To explore the substrate scope of our metallosupramolecular 
photosensitizers, a series of cyclic and acyclic alkenes were subjected to 
photo-irradiation in the presence of air and C60@1 or C70@1. For these 
reactions we used a LED lamp with 3 mW/cm
2
 of incident power. The seven 





substrates were chosen to explore their different reactivities and the tolerance 
to functional groups. Some of these substrates are prone to react with singlet 
oxygen to produce the corresponding endoperoxides via a photo-induced 
Diels-Alder reaction in which the oxygen is the dienophile (for substrates 2, 
3, 4, 5, 7 and 8). Substrates 6 and 8 react through an ene reaction, and yields 
an allylic hydroperoxide in which the double bond of the substrate has 
shifted to a position adjacent to the original double bond. The mechanistic 
aspects of these reactions have been studied in detail.
[68]
 The reactions were 
performed at room temperature, in an NMR tube filled with a solution of the 
substrate and the photosensitizer in CD3CN, so that the evolution of the 
process could be easily monitored by 
1
H NMR spectroscopy. Table 1 shows 
the substrates used and the resulting products, together with the product 
yields obtained under the reaction conditions used.  
The table includes some of the control experiments that we performed when 
we performed the endoperoxidation of anthracene in the absence of catalysts 
(entry 1), or in the presence of C60 or C70 alone. As can be observed (entries 
1-3), these reactions did not produce any amount of product even after 24 
hour of reaction. The Table includes the product yields at the time when full 
conversion of the substrate is achieved. The two photosensitizers were very 
active in the endoperoxidation of 9,10-diphenylanthracene (DPA, 3), 
yielding the corresponding endoperoxide quantitatively [3(O-O)] in just  30 
minutes (entries 8 and 9). For the rest of the substrates, C70@1 was found 
more active than C60@1. In the endoperoxidation of 1,3-cyclohexadiene (4), 
C60@1 afforded 68% yield of product in one hour, while C70@1 yielded 
77%, and quasi-quantitative yield after 24 hours. C70@1 facilitated the 
endoperoxidation of 1,3-cyclooctadiene yielding 86% of the endoperoxide 





5(O-O) in 24h, while under the same conditions C60@1 afforded a negligible 
amount of product (compare entries 15 and 17). Similarly, in the reaction of 
cyclohexene to produce cyclohexenyl hydroperoxide [6(O-O)] C70@1 
generated the product in 75% yield after 24 hours, while C60@1 only yielded 
5 % (compare entries 18 and 19). The cycloaddition of oxygen to 1,4-
diphenyl butadiene (7) produced the cyclic endoperoxide 7(O-O) in 95% 
yield when C70@1 was used, but only 72 % of product was formed for the 
reaction carried out with C60@1 (entries 20 and 21). Finally, the 
photooxidation of hexamethyl benzene to the epidioxy hydroperoxide 8(O-
O) was produced in 71% yield after 2 hours for the reaction carried out with 
C70@1, while the reaction performed with C60@1 just generated 7% of 
product (entries 22 and 23). This latter reaction consumes two molecules of 
singlet oxygen, and is known to proceed via a two-step process involving a 
[4+2] cycloaddition followed by an ene-reaction.
[69, 70]
 A point that is worth 
mentioning is that the yields of the products for the reactions carried out with 
substrates 5, 6 and 8, do not simply reflect the differences in quantum yield 
production of singlet oxygen by C60@1 and C70@1. Although we did not 
make detailed mechanistic studies, it may be possible that the weaker 
binding of C60 in C60@1 (compared to the affinity of C70 in C70@1)
[43]
 makes 
that the fullerene is partially replaced by the substrate or the product in the 
course of the reaction, and this may justify the unexpected decrease of the 










Table 1. Peroxidation of organic substrates by light-induced cycloaddition of 1O2.
a Substrate scope. 





none 24 0 
2 C60 24 0 
3 C70 24 0 
4 C60@1 0.5 69 
5 C60@1 1 >99 
6 C70@1 0.5 75 




C60@1 0.5 >99 
9
 




C60@1 1 68 
11
c 
C60@1 24 81 
12
c
 C70@1 1 77 
13
c





C60@1 1 0 
15
c
 C60@1 24 5 
16
c
 C70@1 1 10 
17
c





C60@1 24 5 
19
c





C60@1 12 72 
21
d
 C70@1 12 95 









C60@1 2 7 
23
d
 C70@1 2 71 
 
 
We find important to point out that many of the products obtained from these 
reactions are important reaction intermediates that have been used for the 
synthesis of several natural products and commercially valuable materials, 
therefore their high yielding preparation constitutes a matter of great interest. 
For example, 4(O-O) is the first reaction intermediate used in the preparation 
of  teucrolivin A
[71]
  and toxocarol.
[72]
 The cyclooctene endoperoxide 5(O-O) 





 and for the total synthesis of (+)-dubiusamine A 
(1).
[75]
 Cyclohexene hydroperoxide (6(O-O)) is a key starting reagent in the 
production of nylon-6 and nylon-6,6 polyamides.
[76]
 The endoperoxide 7(O-
O) is an intermediate in the biosynthetically inspired route to diphenyl furan 
and furan fatty acids,
[77]















In conclusion, by taking advantage of the excellent spin-converting 
properties of fullerenes, we used our fullerene-containing host:guest 
complexes as photosensitizers for the generation of singlet O2. Both C60@1 
or C70@1 were found to be very effective photosensitizers for the 
peroxidation of a broad variety of cyclic and acyclic alkenes under air 
atmosphere. While supramolecular photochemistry has recently been 
highlighted as a potential powerful synthetic tool,[79] the examples in which 
supramolecular assemblies are used for promoting photocycloadditions are 
restricted to their participation as hosts or templates for facilitating the 
solubilization of the organic substrates in water. To the best of our 
knowledge, this is the first time that a host:guest supramolecular assembly is 
used for the peroxidation a variety of organic substrates. Our findings go 
beyond the results that we describe in this work, because they underline the 
possibility that other fullerene-containing host-guest supramolecular systems 
have the potential to be used for similar photocatalytic reactions, therefore 
opening a venue for future research. Also important is the potential 
implications of this study in the use of fullerene-encapsulated 
supramolecular systems in the development of agents for clinical 
photodynamic therapy treatment (PDT). Research in these directions is 











The preparation of the palladium-cornered metallo-square 1 was performed 
according to the literature method.[43] Anhydrous solvents were dried using 
the Solvent Purification System (SPS M BRAUN) or purchased and 
degassed prior to use. All other reagents were used as received from 
commercial suppliers. NMR spectra were recorded on a Varian Innova 500 
MHz or on a Bruker 400/300MHz. NMR spectra were recorded at room 
temperature with CD3CN as solvent. All values of the chemical shift are in 
ppm regarding the δ-scale. UV/Visible absorption spectra were recorded on a 
Varian Cary 300 BIO spectrophotometer using acetonitrile under ambient 
conditions. Emission spectra were recorded on a modular Horiba FluoroLog-
3 spectrofluorometer employing degassed acetonitrile. As an example, the 
following paragraph describes the general procedure used for the 
endoperoxidation of anthracene. The details about the photocatalytic 
reactions carried out with all other substrates are given in the Supplementary 
Information.  
Photocatalytic Endoperoxidation of Anthracene with Fullerene@1 
All experiments were performed in NMR tubes with CD3CN and a previous 
sonication for 12 hours of host solution (complex 1) and the respective 
fullerene. The samples were irradiated with green light ( = 512 nm), with a 
3.5W household RGB-LED light (0.07 mW/cm
2
 incident power). The initial 
concentration of anthracene concentration was 0.5 mM in all experiments, 
while Fullerene@1 concentration was set to 0.05 mM (10 mol% cat), 0.005 
mM (1 mol% cat) and 0.0005 mM (0.1 mol% cat).  The experiments were 





carried out placing the NMR tube at 10 cm of the light beam, under the 
exclusion from other light sources by a black box. NMR sample was 
protected from ambient light between the measurements. The advance of the 
reaction was monitored by 
1
H NMR spectroscopy. 
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A palladium-hinged organometallic square with a perfect-sized cavity 
for the encapsulation of three heteroguests 
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A nanometer-sized tetrapalladium metallosquare with a pyrene-
bisimidazolylidene ligand was found to display a perfect-sized cavity for the 
encapsulation of three heteroguests, enabling the formation of quintuple D-
A-D-A-D stacks. The encapsulating properties of the metallosquare are 
clearly determined by the presence of the pyrene panels, which endow the 
metallosquare a three-dimensional shape, and also behaves as an effective 
antenna for for -stacking interactions. 
 
 







Supramolecular systems with cavities, capable of hosting molecular 
guests have received great attention due to their potential applications 
as flasks for chemical reactions,
[1-5]
 containers for reactive chemical 
species,
[6, 7]




 and as 
transport vehicles for molecules with medical properties.
[15-18]
 While 
many supramolecular systems are able to encapsulate single guests, the 
binding of multiple guests by a single receptor can lead to new modes 
of host-guest interactions that may be translated into new 
applications.
[19]
 Enabling artificial systems in which the binding of one 
substrate cooperatively affects the binding of subsequent guest 
molecules, and promotes allosteric communication between all 
components, is one of the greatest challenges of supramolecular 
chemistry. In addition, supramolecular entities with cavities of the 
appropriate size can be used to approach substrates closer by 
encapsulation, so that their mutual interaction can exhibit unusual or 
non-classical physical properties.
[10]
 For example, receptors capable of 
intercalating multiple stacks are very challenging,
[9]
 because enabling 
discrete -stacks can facilitate the study of the charge transport at the 




In general, the most efficient tool for enabling discrete aromatic stacks 
in solution is the use of organic-pillared co-facial coordination cages, 
normally displaying a trigonal prismatic shape,
[8, 11, 20-23]
 in which the 
number of planar guest molecules depends exclusively on the cavity 






height, which is determined by the pillar length. Inspired by the 
pioneering works by Hahn and co-workers that described the 
preparation of a series of square-like and rectangle like metallo-cages 
using a benzo-bis-imidazolylidene ligand,
[24, 25]
 we recently described 
two nickel-hinged molecular rectangles that were used for the 
encapsulation of polycyclic aromatic hydrocarbons (PAHs) (Scheme 
1).
[26]
 These molecular receptors, were based on a pyrene-bis-





). Due to their different dimensions, the rectangle with 
the pyrazine pillars was able to accommodate only one PAH molecule, 
while the one with the longer by-pyridine, was capable of hosting up to 
two guest molecules (Scheme 1).  
By using the same pyrene-bis-imidazolylidene ligand, we also 
described a palladium-cornered metallosquare [3]
4+
, whose cavity was 
suitable for the encapsulation of fullerenes.
[27, 28]
 This metallosquare 
displays a metal-to-metal distance of 13 Å, approximately four times 
the distance for an effective - stacking interaction, and therefore is 
expected to be suitable for inclusion of up to three polyaromatic guests. 
With these precedents in hand, in this work we examined the host-
guest chemistry properties of the metallosquare 3 with a series of 
PAHs. In addition, we also studied the ability of 3 to accommodate two 
different aromatic guests. As will be discussed, the -stacks are 
ordered in donor-acceptor-donor-acceptor-donor (D-A-D-A-D) arrays, 
with the electron-rich pyrene fragments of the di-NHC ligand as 
bookend donors. 






























) and metallosquare [3]
4+ 
previously 
described in our group 
 
We first tested the molecular square [3](BF4)4 for the recognition of pyrene 
and triphenylene. The host-guest properties of the square were studied by 
1
HNMR spectroscopy, by monitoring the changes produced in the chemical 
shifts of the signals due to the ligands of the metal complex upon addition of 
solutions with the two aromatic guests. The experiments were carried out in 
CD3CN, at room temperature and at a constant concentration of host, 
typically 1 mM. For both titrations, the addition of the solutions of the guests 
produced important perturbations in the chemical shifts of the signals of the 
host, indicating the formation of inclusion complexes that showed fast 






kinetics on the NMR timescale. As an illustrative example, Figure 1 shows 
the aromatic region of the 
1
H NMR spectra acquired during the titration of 
[3](BF4)4 with pyrene. The sequence of spectra shows how the resonances 
due to the protons of the pyrene fragment of the pyrene-bisimidazolylidene 
ligands of the molecular square are upfield shifted upon the addition of the 
pyrene solution. The determination of the association constant was 
performed by nonlinear analysis of the titration data. The binding isotherm 
resulting from plotting the variation of the chemical shift with the guest/host 
ratio was bet fitted to a 1:2 host:guest stoichiometry, as a result from the 
analysis of the distribution of the residuals compared to a 1:1 stoichiometry. 
The analysis of the 
1
H NMR spectra also allowed determining the host:guest 
association constants for the titrations performed with pyrene (K11 =220(20) 
M
-1
; K12= 46(3) M
-1
) and triphenylene (K11 =280(30) M
-1
; K12= 52(4) M
-1
). 
The association constants that we obtained for the three PAH guests 
under study were in the order pyrene < triphenylene << coronene, 
indicating that as the guest becomes more -electron-rich, the - 
stacking interaction between the guest and the host becomes more 
effective, and therefore the binding constant becomes larger. 
[26, 29-31] 
The analysis of the binding affinity of coronene could not be 
performed by 
1
H NMR titrations due to the low solubility of this guest 
in CD3CN. Therefore, for the determination of the binding constant 
with this PAH molecule, we decided to perform Uv-Vis titrations. The 
Uv-Vis spectrum of [3](BF4)4 shows the bands due to the absorption of 
the pyrene moieties of the bridging ligands of the complex between 
300 and 370 nm. Upon addition of coronene, the intensities of the 






bands at 323, 334, 339 and 345 nm increase, while the band at 354 nm 
becomes less intense, thus showing a clear isosbestic point at 348 nm 
(see Figure 2). 
 
Figure 2. Uv-Vis. spectra acquired during the titration of [3](BF4)4 (3x10
-5
 M) with 
coronene in CH3CN at 298K. The inset plot represents the variation of the intensity of 
the bands at 339, 323, 334 and 345 nm against the [coronene]/[3] ([G]/[H]) ratio 
 
 






A second isosbestic point can also be observed at 368 nm. The changes 
in the absorbances were found to give saturation upon addition of 8 
equivalents of the guest. Based on the changes observed, the binding 
constants were determined using a global fitting analysis.[32] Again, 
we found that the best fit was obtained when we used a 1:2 H:G 
stoichiometric model, which allowed us to obtain the association 
constants for the formation of the 1:1 and 1:2 H:G complexes. The 









Given the large association constant found for [3](BF4)4 with coronene, 
we tested the metallosquare as coronene scavenger in CH3CN. For this 
experiment we prepared a 1 mM solution of coronene in CH3CN. The 
irradiation of this solution with UV light (365 nm) produces a strong 
emission due to the fluorescence properties of coronene. Then 0.5 
equivalents of [3](BF4)4 was added, and the resulting solution resulted 
non-emissive upon irradiation with UV light, a clear indication that 
coronene was encapsulated within the metallosquare (Figure 3). 
 
 
Figure 3. A sample of coronene (1 mM) in CH3CN irradiated with UV light before 
(left) and after (right) adding 0.5 equivalents of [3](BF4)4. 






Once the ability of [3](BF4)4 to encapsulate several polycyclic aromatic 
hydrocarbons was proved, we decided to see if we could enforce the 
trapping of three guests. For the design of effective aromatic stacks, it 
is important to consider that A-A and D-A interactions are known to be 
more favorable than D-D stacks.[33, 34] Taking this into account, we 
thought that the incorporation of the electron-poor N,N’-dimethyl-
naphthalenetetracarboxy diimide (NTCDI) as heteroguest, should favor 
the formation of D-A-D-A-D quintuple stacks by intercalating between 
the electron-rich PAH guests and the pyrene panels of the cage. The 
experiments were carried out by subsequently adding two equivalents 
of PAH (pyrene, triphenylene or coronene) and two equivalents of 
NTCDI to a solution of [3](BF4)4 in CD3CN (Scheme 2). The 
formation of the quintuple stacking structures was strongly supported 
by NMR spectroscopy and mass spectrometry.  
The High Resolution Mass Spectrometric (HRMS) studies of the 
mixtures, showed intense peaks at m/z 988.5, 964.0 and 970.5, for the 
mixtures of [3](BF4)4 with coronene, pyrene and triphenylene, 
respectively, which are assigned to [3(PAH+2NTCDI)]
4+
. The 
formation of the same host:guest complex product could also be 
accomplished by inverting the order of addition of the guests (first 
NTCDI and then the PAH). As an illustrative example, Figure 4  shows 
the mass spectrum obtained for the mixture of [3](BF4)4 with NTCDI 
and coronene. 
 













Figure 4. High Resolution Mass Spectrum (HRMS) of a mixture of [3](BF4)4 with 
coronene and NTCDI in CH3CN at 298K. 






The quintuple stacking is also supported by NMR spectroscopy. As an 
illustrative example, Figure 5 shows a series of comparative spectra for 
the encapsulation of coronene and NTCDI in [3](BF4)4. The 
encapsulation of the heteroguests inside the cavity of [3](BF4)4 breaks 
the simmetry of the host, as evidenced by the appeareance of three 
separate sets of signals assigned to the protons of the vertical (two sets) 
and horizontal (one set) pyrene panels of the cage. A similar splitting is 
observed for the resonances due to the allyl protons and to the protons 
of the methylene group bound to the nitrogens of the imidazolylidenes.  
 
Figure 5. Selected region of the 
1
H NMR spectra of a) [3](BF4)4, b) coronene, c) 
NTCDI, and d) [3(coronene+2NTCDI)]
4+
. All spectra carried out in CD3CN at 
room teperature. 
 
The fact that these changes can be observed by 
1
H NMR spectroscopy 
at room temperature indicates that the site-exchange of guests in the 
host:guest complex is slow on the NMR timescale. The signals of both, 






coronene and NTCDI are strongly shifted upfield due to the 
encapsulation in the cavity of 3
4+
, and the integrals of the protons 
assigned to 3
4+
, coronene and NTCDI are in perfect agreement with a 
3
4+
:coronene:NTCDI ratio of 1:1:2. 





ROESY NMR, which shows coupling between the signals due to the 
methyl group of NTCDI, and the signals due to the neighboring 
coronene (see ESI). The resonances due to the methyl group of 
NTCDI, also show ROESY coupling with the signals due to the 
protons of the methyl group of the tert-butyl moieties bound to the 
pyrene panels of the metallosquare. These observations are a clear 
indication that each molecule of NTCDI is sandwiched in between one 
molecule of coronene and one of the pyrene moieties of the 
metallosquare. Finally, the Diffusion Ordered NMR spectrum (DOSY) 
of [3(coronene+2NTCDI)]
4+
 shows that all proton resonances display 







indicating that all three molecules of guests are associated with the 
metallosquare forming a single assembly (see ESI). Similar 
conclusions can be derived from the analyses of the NMR studies 





 (see ESI for all details).  
The formation of the quintuple-stacked supramolecular system was 
also studied by Uv-Vis- spectroscopy. The addition of two equivalents 
of NTCDI on a solution of [3](BF4)4 in CH3CN induced the appearance 
of a CT band at around 382 nm. This band is red-shifted compared to 
the weaker band shown by ‘empty’ [3](BF4)4 (376 nm), most likely due 






to the formation of D-A stacks between the pyrene panels of the cage 
(D) and the NTCDI guest (A). Subsequent addition of coronene (or 
triphenylene) moves the absorption band back to 376 nm, due to the 
incorporation of the molecule of coronene (or triphenylene) to the 
system forming a D-A-D-A-D stack. In this quintuple stack the charge 
transfer probably goes mainly from the molecule of coronene (or 
triphenylene) to NTCDI, thus reducing the participation of the pyrene 
panels in the CT process, which should explain why the absorption 
band due to pyrene moves back to 376 nm (see Figures S39 and S40 in 
ESI).  
In conclusion, we found that our organometallic-based metallosquare 
displays a perfect size for the effective encapsulation of three large -
conjugated heteroguests, enabling the formation of quintuple D-A-D-
A-D stacks. Unlike any other metallosupramolecular systems 
previously used for the encapsulation of multiple heteroguests, our 
system is the first one to show a square structure, while all other known 
examples are based on ‘closed’ trigonal prismatic architectures. Given 
the large number of Janus di-NHC ligands connected by large -
conjugated systems that we have prepared in our lab during the last few 
years, we believe that we are in a priviledged position for desinging 
new metallosupramolecular templates for tailoring discrete -stacks of 
varying heights and compositions. Enabling effective methods for 
achieving tailor-made aromatic stacks is necessary to enrich our ability 
to manipulate material properties at the supramolecular level. 
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 A novel family of four pyrene-based Supramolecular Organometallic 
Complexes (SOCs) with different geometries has been obtained. 
 
 A selective PAH-receptor was obtained, able to distinguish between 
the different PAH according to their shape, size, and number of -
electrons. 
 
 We develop an efficient strategy for the extraction of the toxic and 
carcinogenic PAH from organic solvents in which our system 
behaves as PAH-scavenger. 
 
 Two selective fullerene receptors were obtained, able to adapt their 
size to the shape of the fullerene. Due to the higher affinity towards 
one specific fullerene, this constitutes a potential new efficient 
method of purification of fullerenes. 
 
 We report the first host-guest system used as photosensitizer in the 
singlet oxygen generation. The fullerene-containing SOC, was able to 
oxidase a great variety of alkenes towards the generation of singlet 
oxygen from atmospheric air under visible light.  
 
 Multiple-guest encapsulation was achieved inside our SOCs, 










 Una nueva familia de cuatro Complejos Organometálicos 
Supramoleculares (SOCs) basados en pireno ha sido obtenida. 
 
 Un nuevo receptor de PAH selective ha sido obtenido, capaz de 
discerner entre los diferentes PAH en función de su forma, tamaño, y 
número de electrones-. 
 
 Hemos desarrollado una estrategia eficiente para la extracción de 
PAH, que son compuestos tóxicos y carcinogénicos, en disolventes 
orgánicos en los que nuestro sistema se comporta como extractor de 
PAH. 
 
 Dos receptors de fulereno han sido obtenidos, capaces de adaptar su 
tamaño a la forma de fulereno. Debido a la mayor afinidad respect a 
un fulereno específico, constituye potencialmente un Nuevo método 
de purificación de fulerenos. 
 
 Describimos el primer sistema host-guest utilizado como 
fotosensibilidazor en la generación de oxígeno singlete. Este SOC 
con fulereno atrapado, fue capaz de oxidar una gran variedad de 
alquenos utilizando el oxígeno singlete generado a partir de aire a 
presión atmosférica y luz visible.   
 
 Se encapsularon multiples moléculas en el interior de nuestra caja, 
obteniendo un sistema host-guest con apilamiento tipo D-A-D-A-D. 
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